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(1) Statement of the Problem

A study of the molecules details of the interactions between

small molecule diluents and polymers is carried out using a

variety of Nuclear Magnetic Resonance methods. The focus of the
stu&y is to allow a molecular level comparison with macroscopic
properties (thermal and mechanical) in multicomponent polymer
blends. The details of plasticization, antiplasticization
diluent sorption and blend compatibility are addressed. The
polymer systems studied are high impact strength engineering
plastics: Polycarbonates and poly (2,6-dimethylphenyl oxide)
blends with polystyrene and structural analogues of these two
fundamental systems. A three fold approach is used, with
experiments which probe (a) the host polymer and changes in its
dynamics as a consequence of diluent addition, (b) the dynamics
of the diluent 1itself modified by the host and (c¢) experiments
which probe directly the intermolecular intimacy in a
multicomponent glassy blend.

A number of NMR experiments are employed. Solid state
lineshape analysis using a variety of nuclei depending on the
systems involved and isotopic enrichment when appropriate yields
information on the structural and dynamic details of
conformational reorientation. The primary lineshape types here
are due to chemical shift anisotropy and the nuclei involved are
13¢ and 3!P. Ve have extended our previous studies on single
component systems and added to the methodclogy of this powerful

approach. NMR relaxation measurements (T, and T are a

1p) L

dominately dynamical probe and enable quantification of the




dynamics over a wide range of motional frequencies. Lastly spin
diffusion techniques allow us to examine structural interactions
on an interatomic distance scale in these multicomponent systems.
These experiments can be collectively considered as spin dynamics
and we clearly show that using a multifrequency, multinuclear
approach NMR offers a rather unique probe of the molecular level
events in polymer blend systems and can critically test many of
the ideas and models put forward from macroscopic investigations.
Questions of both dynamic and structural heterogeneity at the
microscopic level and the distinction between plasticization and
antiplasticization from a molecular viewpoint are clearly

addressed.




(2) Summary of Most Important Results

In addressing blend behavior we have paid particular
attention to interpreting the microscopic behavior as determined
by NMR in relation to the thermal, mechanical and other
macroscopic characteristics in multicomponent polymer blends.

In the system Bisphenol A Polycarbonate (BPAPC) and Di-n-
Butyl Phthalate (DBP), the diluent DBP acts as an antiplasticizer
at low concentrations and a plasticizer at high concentrations.
We have made measurements of carbon spin diffusion from the DBP
to the BPAPC repeat unit using !3C enriched DBP at a carbonyl
site. This technique has been used to probe molecular 1level
mixing in blends. This is however the first time that
specificity at the level of chemical structure has been observed
in an amorphous glass. We have also measured !H T,p’'s for the
phenyl protons of BPAPC in the same system with all other
protons deuterated. This experiment is designed to probe the
phenylene ring flip which has been shown to be related to the sub
T, mechanical behavior. The results of these experiments clearly
indicate the distinctions between plasticization and
antiplasticization at the molecular level. Namely:

(a) At low DBP concentrations (l0wt %) in the
antiplasticization regime there is structural specificity with
the carbonyl of DBP being preferentially located near the
carbonate of BPAPC. At higher concentrations of DBP (25wt %)
this specificity is absent and the system exhibits plasticizaticn
behaviour as indicated by the modulus. A quantitative treatment

including a lattice model to count polymer-diluent contacts has
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been attempted. This is molecular evidence for the existence of
specific interactions as a key property of an antiplasticizer.

(b) The !'H Tlp measurements as a function of diluent
concentration (as shown in the attached figure) demonstrate the
subtle changes in polymer repeat unit dynamics in the plasticized
and antiplasticized regimes. At low diluent concentrations the
T, p minimum moves to higher temperatures indicative of a decrease
in the sub-T, repeat unit motion thus leading to slight
embrittlement in the polymer; at high concentration this trend
remains but with the observation of a new T,, minimum and
corresponding motion at a much lower temperature thus leading to
a softening as the DBP concentration increases. This corresponds
to the observation of two relaxations occuring as plastization
increases and can be interpreted as the original relaxation for
the pure polymer being split into two as the diluent
concentration is increased. These two experiments clearly
add;esé the role of intermolecular structure and host polymer
dynamics in this type of blend.

To investigate the role of the inherent diluent dynamics we
have made CSA lineshape measurements of 3!P for a series of
organic phosphate plasticizers in the blend system polyphenylene
oxide (PPO) and polystyrene (PS) and in the BPAPC single host
polymer system. Mechanical and thermal measurements by us have
shown that the presence of the phosphate can introduce a low
temperature mechanical loss absent in the pure blend PPO/PS and
an additional loss in the BPAPC system. Our NMR lineshape

measurements indicate that isotropic brownian motion of the
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phosphate itself is considerable well below Tg and is responsible
for this loss. Also there is clear evidence that the efficiency

of these plasticizers is directly related to their own Tg. Thus

pPlasticizers with inherently low Tg’'s will undergo motion when
blended in concentrations up to 25wt % in a host polymer leading
to sub Tg mechanical loss and plasticizing characteristics in the
material, clear evidence that the inherent mobility of the
dilgent molecule has a significant role in overall properties of
the resulting blend. Quantification of the diluent dynamics
shows a heterogeneity of motional rates which tends to be
characteristic of the dynamics in the glassy polymer systems we
have studied.

The other contrasting system we have investigated is that in
which the diluent molecule is a gas and the questions of
interest are the nature of the sorbed gas and the modification to
the host polymer. The polymer chain dynamics is modified in a
similar way to that shown in the DBP-BPAPC system with small
concentrations of gas producing slight antiplasticization
indications. An extensive study of the '3C NMR relaxation in
13c0, in BPAPC has been made to characterized the nature of the
sorbed species in the glass. To interpret our data a two site
model is presented which parallels at the molecular level the

model presented by Koros and Paul (J. Poly Sci, Polym Phys Ed 14

678 (1976) based on permeability data. Their "Dual Mode" model

postulates two CO, environments in the glass: a Langnmuir
species and a Henry's Law species. Our analysis gives *
quantitative data on the mobility of these two environments. 1In }




i 1.

contrast measurements of !3C0, in Silicone rubber are indicative
of a single site environment, again in agreement with the
macroscopic work of Koros and Paul.

The full details of these remarks and our related studies
are contained in the appendix which is a compilation of the

publications resulting from the project.
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ABSTRACT: An analysis of carbon-13 chemical shift anisotropy (CSA) line shapes at two field strengths
is carried out to probe the detailed nature of phenylene ring dynamics in the glassy polycarbonate of bisphenol
A. The phenylene group in this polymer undergoes two types of motion simultaneously, both about the C,C,
axis. The primary motion is large-angle jumps between two sites whereas the secondary motion involves restricted
rotational diffusion over limited angular amplitude. In the first category, the jumps from one minimum to
the second occur over an angular range around each minimum associated with the range of restricted rotation.
A simultancous model with an inhomogeneous distribution of correlation times appears to be the best description
for the composite motional process. The inhomogeneous distribution is described by a Williams-Watts fractional
exponential correlation function and corresponds to a distribution of rates corresponding to different spatial
positions in the polymer matrix. The correlation function is described by r;, the central correlation time,
and «, the breadth parameter for the distribution. An apparent activation energy of 50 kJ/mol, found by
an Arrhenius analysis of r,'s, is in agreement with the values obtained from a relaxation map constructed
from rates for proton relaxation minima, CSA line-shape collapse, dielectric loss maxima, and dynamic mechanical
loss maxima. A value of 0.154 for the fractional exponent indicates a broad distribution of jump rates for
polycarbonate and is consistent with defect diffusion past a distribution of barrier heights. Such diffusion
has been proposed as the basic process behind the jumpsa in a motional model involving conformational
interchange between a defect cis-trans conformation of the carbonate unit and neighboring trans-trans

conformations.

Introduction

NMR line-shape experiments!? have recently yielded
new insights into the dynamics of the polycarbonates of
bisphenol A (BPA-PC). To date, the solid-state NMR
line-shape experiments'? have defined the geometry of the
dominant motions in this polymer, which supplemented
the frequency information supplied by dielectric® and
dynamic mechanical! experiments. The two major mo-
tional processes are (i) restricted rotational diffusion over
limited angular amplitude around the C,C, axis and (ii)
= flips between two potential minima around the same
axis, with the = flips constituting the primary motion. This
geometric information has led to a new motional proposal®
which attempts to reconcile NMR, dielectric, and dynamic
mechanical data. To date, the analysis of the temporal
aspects of the NMR line-shape data has been somewhat
simplistic and incomplete. In this paper, new data are
added and a more rigorous interpretation is pursued to
improve the description of the time scale of motion as seen
through NMR line shapes.

To review the situation at hand, first consider the
chemical shift anisotropy (CSA) study,! which suffers from
an interpretational inadequacy since the two important
motions were treated sequentially. The secondary motion
was treated first since it was always assumed to be in the
rapid limit. A single-expanential correlation time with an
Arrhenius form is then employed to account for the tem-
perature dependence of the « flips.'S The effects of the
secondary motion were combined with the primary motion
by using partially averaged parameters as the input basis
for the primary motion. Problems were encountered with
the simulation of the spectrum at 0 °C, the temperature
at which both processes make comparable contributions
to the line-shape narrowing. At this temperature, the
maximum intensity of the theoretical line shape is dis-
placed from the observed one.!

To avoid this difficulty, a new model” which allows for
simultaneous treatment of both motions has been applied
to the same set of CSA data. The problem in fitting the
0 °C data in the sequential treatment disappears in this
simultaneous treatment. The interpretation for primary
motion is also changed in the sense that in the simulta-
neous treatment jumps over a limited range around each
minimum are allowed in addition to exact x flips. The
simultaneous treatment aiso yields a more reasonable
temperature dependence for the apparent simple harmonic
nature of the secondary motion. However, one problem
reported in the earlier CSA paper! still remains unad-
dressed.

The earlier CSA data at 22.6-MHz field strength were
analyzed on the basis of a single-exponential correlation
function. The Arrhenius analysis of the correlation times
yielded an apparent activation energy of 11 kJ/mol. The
simultaneous treatment activation energy is 26 kJ/mol.
The earlier CSA report! also showed an activation energy
of 48 kJ/mol, obtained from a linear least-squares analysis
of a relaxation map which included spin-lattice relaxation
data, dielectric data, and dynamic mechanical data. The
phenylene proton T, and T, data presented in the same
earlier report could only be analyzed on the basis of a
broad distribution of exponential correlation times, which
corresponds to a fractional exponential correlation function
with an exponent near 0.18. Thus there is a great deal of
discrepancy between activation energies from two sets of
analyses: 11 vs. 48 kJ/mol and the use of a single expo-
nential vs. a broad distribution. The discrepancy points
to the inadequacy of the kinetic treatment used for the
line-shape data and is an indication of the existence of a
distribution of correlation times in the dynamics. The
simultaneous value of 26 kJ/mol is probably an im-
provement but hardly a total resolution. The earlier CSA
data at 22.6 MHz represented a limited data sei and as

0024-9297/86/2219-1356801.50/0 © 1986 American Chemical Society
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such it did not warrant use of a correlation function based
on a distribution of corrclation times. It is, thercfure,
necessary that the CSA duta base be expanded by ac-
quiring line shapes at another field, preferably a higher
one, and that a detailed analysis be carried out in order
to reach a better agreement between different data sets.

The Ngai formalism® ! for the stretched exponential
correlation function used in the earlier T and T, analyses'
assumes a homogeneous distribution of correlation times
where each phenylene group motion follows essentially the
same nonexponential decaying process as opposed to an
inhomogeneous distribution where spatially separated
groups reorient with different time constants. In the case
of proton T, and T),, data, the presence of an efficient
spin-diffusion mechanism removes the difference between
the two types of distributions. This is however not the case
with carbon-13 T, and T, data, where a T dispersion can
be ohserved hecause of weak spin diffusion. A dispersion
of spin-lattice relaxation times, in general, indicates the
presence of an inhomogencous distribution, and phenylene
carbon-13 T, dispersions were ohserved by Schaefer et al.!!
for BPA-PC. Line-shape studies offer the possibility of
confirming this characteristic of the correlation function.'?
Deuterium NMR? has already shown promise in this di-
rection, although a detailed analysis is not yet available.
In this context, it appears that if the existing CSA data
base at 22.6 MHz is augmented by adding data at a higher
field where changes in line-shape features are more pro-
nounced, it might be possible to quantitatively distinguish
between a single exponential and a distribution, and in the
case of a distribution, between inhomogeneous and ho-
mogeneous.'*

Experimental Section

The same BPA-PC sample with single-site carbon-13 enrich-
ment (<90%) at cne of the two phenylene carbons ortho to the
carbonate is employed here as was used in an earlier study.! The
FID's were acquired by using a single pulse with high-power
decoupling on a Bruker WM-250 with the Doty solids accessory.
A sufficient number of scans were taken at each temperature to
ensure a good signal-to-noise ratio. The Fourier-transformed
spectra are corrected for a contribution from the background, by
using a subtraction scheme; i.e., spectra for the blank probe were
obtained under the same conditions, using the same number of
scauns, and subtracted from the uncorrected spectra. The corrected
line shapes at different temperatures were assigned a standard
reference following the approach outlined before.! CSA line shapes
at 62.9 MHz are shown in Figure 1 as a function of temperature.
The CSA data on 22.6 MHz are reported in ref 1.

Interpretation

The principal axis system for the CSA tensor of aromatic
carbons, as reported for benzene,? is oriented with the oy,
axis parallel to the C-H bond and the .3 axis perpendi-
cular to the ring plane. The a,, axis is in the ring plane
perpendicular to the C~H bond. Low-temperature (less
than -140 °C) line shapes at both frequencies were then
matched with theoretical spectra generated on the basis
of the Bloembergen-Rowland equation.'* The principal
shielding tensor values used to obtain fits at both fre-
quencies are a,; = -15, 0,» = 51, and o3 = 171 ppm on the
CS, scale. These values are in good agreement with the
ones reported carlier. These principal values lead to an
isotropic chemical shity of 69 ppm, which compares fa-
vorably with the vbserved chemical shift in solution of 72.5
ppm.

Simultancous Model with a Single Correlation
Time. ‘This model? provided the best description of the
CSA line-shape data at a single frequency and as such it
can be considered first in the attempt to interpret the data
at two field strengths. In this model, the multisite ex-
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Figure 1. Variable-temperature carbon-13 CSA line shapes at
62.9 MHz. The solid vertical line indicates the position of the
maximum in the rigid line shape corresponding to ¢x. The dashed
vertical line indicates the position of the maximum in the high-
temperature, motionally averaged spectra. At the intermediate
temperatures of 60 and -80 °C, two maxima corresponding to
the two lines are observed, which is indicative of an inhomogeneous
distribution.

change formalism developed independently by Wemmer5!%
and Mehring'? is employed. It allows for all possible
transitions with equal probability for a series of sites
chosen to emulate large-angle jumps over a range around
exact ~ flips, superimposed on low-amplitude libration
both about the C,C, axis of the phenylene ring. The
line-shape equation for multisite exchange used for CSA
line shapes has been described elsewhere.!” Both two-site
jump and simultaneous models make use of the multisite
formalism. The two-site jump model includes only the
primary motion. The simultaneous model, on the other
hand, treats both motions. For BPA-PC, it is important
to meet one restriction, i.e., using a correlation time that
will treat the secondary motion, namely oscillation or li-
bration in the rapid limit. With two rates, one for each
process is conceivable though computationally difficult.

Whereas 22.6-MHz data were not difficult to simulate
with this model, problems were encountered in fitting
62.9-MHz data, mainly the low-temperature ones as shown
in parts a and d of Figure 2 for data at -80 and -60 °C.
Here the line shapes in the slow-to-intermediate regime
play the crucial role in determining the best description
of the motion; and the inability to obtain a good match
to both frequency sets points to the inadequacy of the
treatment of the large-amplitude jumps by a single cor-
relation time.

Inhomogeneous vs. Homogeneous Distribution. In
view of the failure of the single correlation time maodel, a
simulation of the data using both distributional modeis
is attempted. The appearance of the spectra shown in
Figure 1 is qualitatively indicative of an inhomogeneous
distribution. For a simple two-line collapse, Garroway!?
showed the characteristic of a broad inhomogeneous cor-
relation function is an intermediate three-line spectrum.
Two of the three lines correspond to the position of the
two lines in the absence of exchange. The third line
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position corresponds to that of the rapid-exchange limit.
Thus the intermediate three-line spectrum consists of two
lines corresponding to the precollapse positions and a third
line corresponding to the complete collapse position. In
the spectra of Figure 1 a solid line is drawn through all
spectra for the g, shift position of the rigid line shape. A
dashed line is then drawn through all spectra corre-
sponding to the high-temperature limit resulting from the
motional averaging of ,, and .. This dashed line is based
on the maximum of the high-temperature line shape. At
the intermediate temperatures of -60 and -80 °C, maxima
are present which correspond to both high-temperature
and low-temperature limits, the solid and dashed lines.
This feature is qualitatively indicative of an inhomoge-
neous distribution, and now a quantitative analysis cen-
tering on these intermediate temperatures is pursued.

Specifically the calculations will be restricted to the
intermediate rate regime where correlation times for the
primary motion are slow enough to cause distinctive
changes in the maximum intensity area of the line shapes
and where secondary motion is not as important. Since
the distributions are concerned with the primary motion,
a simple two-site jump model is used for preliminary
calculation.

The distribution formalism, in general, makes use of a
fractional exponential correlation function. The commonly
used Williams-Watts expression'® is

$(t) = exp(-t/v,)" (1)

where 1, is the center correlation time, and a, the breadth
parameter. Smaller «'s are associated with broader dis-
tributions. As shown by Kaplan and Garroway'? eq 1 can
be recast in the form

o(t) = J:I.dr p. (1) exp(-t/7) =
f “d(log 1)G(log 1) exp(~t/7) (2)

Instead of the continuous distribution of eq 2, $(¢) can be
represented as a discrete sum.

olt) = ‘;p, exp(~t/r) Q)
with a normalization condition given by ¢(0) =1 = ¥ p,
p; = G(log r){log (7,4,/1))] 4)

where by the definition in eq 2
G(log 1) = rp, (1) /log e (5)

Montroll and Bendler'” reported a lognormal expansion
of p,(r). Later on, Bendler and Shlesinger'® showed that
this series expansion (eq 60b, ref 17) suffers from poor
convergence and lack of normalization. They found eq 59
of ref 17 to be superior in both respects. The same series
expansion of p.(r) as recast by Bendler et al.!® (eq 51, ref
18) and shown below, is used in our calculation.

pulr) = Z(r/1)°" expl-tr/ )] X
’ [1-aF;, + a®Fy - o®F, + o*F; - ...] (6)
where
Fy=Uy(1 -u™)
Fy = Uyl - 3u™® + %)
Fo= U1 -Tu?+ 6u% -y
Fy = Ug(l - 1507 + 25u7% - 10u73 + u7*)
and U, = 057721665, U, = -0.6558775, U, =

cTanens siisnee [ LI TF TP O

-0.042003 28, U; = 0.16653857, and u = 71,/71.

Using the correlation function expression of eq 3, Kaplan
et al. developed the final line-shape expression for a ho-
mogeneous distribution for a two-site exchange process (eq
22, ref 12). In our calculation, the same expression is
extended to a polycrystailine type line shape.

For the inhomogeneous distribution, the same Wemmer
line-shape expression® for multisite exchange is employed
with a distribution of correlation times instead of a single
correlation time. Each correlation time makes its own
contribution toward the total line-shape collapse and the
contribution in each case is weighted according to the
distribution embodied in eq 3. In essence, the mathe-
matical difference between the homogeneous and inho-
mogeneous treatments is that in the inhomogeneous case
we have a set of uncoupled equations corresponding to the
magnetization sites evolving under exchange independently
without regard to state of the magnetization at other sites
and for the homogeneous case the exchange of each site
is coupled with the overall magnetization from all sites.

To save computer time, the following scheme was
adopted. At the longer correlation time end, some point
is reached when the line shape approaches the rigid limit;
i.e., 7, hecomes so long that the jump for such a long 7, does
not cause line-shape collapse and essentially the rigid-case
line shape results. There can still be some 7;'s left which
are longer than this 7; and their weightings must be con-
sidered. It is not necessary to repeat the line-shape cal-
culation for these long 7’s since the rigid limit has already
been reached. Instead, the weightings for these r's are
combined with the weighting for this r,, The same time-
saving scheme can be adopted for r's at the shorter r end
where at one point the line shape reaches the rapid limit
and further decrease in the value of r leads to no additional
narrowing.

For our calculation, 57 r's were used, 28 on each side of
7, spanning 28 decades of time (eq 4 and 5). Two r's thus
cover one decade, in accordance with the approach adopted
by Kaplan et al.’¥ An « value of near 0.16 is suitable for
comparing both types of distributions. Comparisons fo-
cused on the 62.9-MHz data, which are sensitive enough
to force a choice between the two distributions.

Calculations were restricted to the spectra at -80, -60,
and —40 °C, which show distinctive temperature-dependent
changes in the maximum-intensity area. Figure 2b,e
(homogeneous) and Figure 2¢,f (inhomogeneous) show the
theoretical simulations with appropriate r,'s for the ex-
perimental data at ~80 and -60 °C. The distinctive
dual-peak nature of the top part of the spectra can only
be simulated by using the inhomogeneous distribution,
which is at once evident from the figures for data at -80
and -60 °C. A homogeneous distribution results in fea-
tureless broadening as can be seen from the figure. These
findings are thus in agreement with similar observations
based on deuterium spectra? and we therefare concentrate
the remaining interpretational efforts on the inhomoge-
neous distribution.

Simultaneous Model with an Inhomogeneous Dis-
tribution. For an improved interpretation, the simulta-
neous model is combined with an inhomogeneous distri-
bution so that both motional processes can be treated at
the same time. Some precautions are necessary. For
BPA-PC, the secondary motion is always to be treated in
the rapid limit. This condition is not met with for some
of the longer 7's at the long-r end, especially when 7, is
long, i.e., when slow-rate-regime line shapes are encoun-
tered. Again the following reasonable approximation is
pursued. In doing calculation for the entire distribution,




Figure 2. Comparison of simultaneous (a and d), two-site ho-
mogeneous (b and e), and two-site inhomogeneous (¢ and f)
treatments for simulation of 62.9-MHz CSA data at -80 and 60
°C. In each case, the solid line represents the best simulation
of the experimental data (0). (a) r = 8.0 X 107 s; (b) r, = 2.0
X 10778, a = 0.16; (c) 7, = 5.5 X 10733, a = 0.16; (d)r=26x
l()‘s,(e)r = 10X 10%s, « = 0.16; (ﬂr =26X104s, a =
0.16.

a point is reached when the 7; no longer treat the secondary
motion in the rapid limit. Again it is also possible that
for that particular r; and all larger r's, the rigid line shape
is already achieved with respect to the large-amplitude
jumps. This means simultaneous jump calculations are
not necessary for the r's in question; instead, line-shape
intensities due to oscillation are calculated over an ade-
quate number of frequency points to cover the entire
spectrum by applying this motion alone to the rigid tensor
principal values. The intensities are then muitiplied by
the sum of weightings for those long 7’s, yielding a line-
shape contribution for the long 7's part. For the remaining
shorter 7’s, the jump calculation is important. The si-
multaneous model is therefore applied for these remaining
7’s, with the intensities obtained by summing up contri-
butions for each r according to the weighting factor given
by the stretched exponential form. We then add up in-
tensities for both the long and short correlation time parts
to get the final line shape for the entire distribution. Again
57 7's are employed.

Since the CSA line shape data do not seem critical
enough to allow a precise estimation of «, the same si-
multaneous plus inhomogeneous consideration has been
applied to the phenylene proton T, and T, data reported
carlier.! The proton data are not able to distinguish be-
tween homageneous und inhomogeneous distributions
since spin diffusion exchanges magnetization at different
spatial sites. However, the overall breadth of either type
of distribution is equivalently reflected in the breadth and
shape of T and T, minima. The new interpretation of
the proton data, including the contribution of restricted
rotation, leads to an improved fit relative to the one ob-
tained earlier with the Ngai formalism.! This improved

Figure 3. The solid lines are simulations of the 62.9-MHz CSA
data (O) at several temperatures.

analysis yields a value of 0.154 for «, and this same « is
employed in the line-shape calculation. The amplitude of
the restricted rotation is estimated from the high-tem-
perature region where the flip contribution has already
reached the rapid limit. We make use of the estimates
reported earlier’ based on the simultaneous model, which
range in value from 64° at +120 °C to 23° at -80 °C.
These estimates also prove to be effective for fitting the
T, and T, data where restricted rotation is included as
a second motion in addition to = flips. A summary of line
shape calculations at both fields is shown in Figures 3 and
4. The simulations are within the limit of expenmentnl
error. An Arrhenius analysis of 7;’s as shown in Figure 5
yields an apparent activation energy of 50 kJ/mol. Spectra
at higher temperatures become rate independent for both
primary and secondary processes. Simulations at tem-
peratures beyond O °C are therefore not presented.

In the previous report,! the relaxation map log », vs. T!
was constructed with correlation frequencies and the
corresponding temperatures for T} and T, minima, av-
erage point of CSA line-shape coalescence, and maxima
in dielectric and dynamic mechanical data. With the
newer simultaneous-inhomogeneous description of phe-
nylene motion, improved values of correlation frequencies
for the = flips at T, and T, minima and temperature for
CSA collapse are obtained and used for reconstruction of
the relaxation map as shown in Figure 6. The apparent
activation energy (50 kJ/mol) and 7. (4 X 1077 s) obtained
from linear least-squares anaiysis of the data are in good
agreement with CSA line-shape analysis values (50 kJ/mol
and 1 X 10 % g).

The mechanical loss, G,(w)'™, is given by the equation

(0,(0)?)
kyT
where ¢ (t) is the derivative of the correlation function as
expressed in eq 3 and o, is the stress arising from the

("" (w)hmn =

j;.sin (w)p(t) dt )
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Figure 4. The solid lines are simulations of the 22.6-MHz CSA
data (Q) at several temperatures. The data are taken from ref
1.
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Figure 5. Logarithm of the inverse r, (as obtained from line-
shape analysis) vs. inverse temperature.

molecular change. With this changed version of correlation
function, the position and shape of the dynamic mechan-
ical loss peaks as observed by Yee* were simulated by
making use of eq 7, activation parameters as obtained from
line-shape analysis, and an « value of 0.154. Figure 7 again
shows rather good agreement between experiment and the
prediction based on the interpretation of NMR data.

Discussion

In the peesent report, the carbon-13 CSA data base is
expanded by collecting data at a higher field, i.e., 62.9
MHz, and we find the simultaneous-inhomogeneous de-
scription provides the best interpretation at both fre-
quencies. This is a significant extension of the previous
interpretation and demonstrates that NMR line-shape
analysis in solids can yield a very detailed picture of the
overall nature of the dynamics if a sufficiently wide data
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Figure 6. log (frequency) vs. inverse temperature or relaxation
map. The highest frequency NMR point is the 30-MHz proton
T\ minimum, the next highest (43 kHz) is the T, minimum, and
the lowest is the average position of CSA line-shape coalescence.
The filled triangles are maxima of dielectric loss curves taken at
different temperatures. The positions of all points have an as-
sociated uncertainty of the order of 10 °C because of the broadness
of loss peaks and relaxation minima.

1000/T(X-Y)

Figure 7. Dynamic mechanical spectrum. The solid line is the
simulation employing the Williams-Watts inhomogeneous cor-
relation function (eq 3) with the parameters set from the CSA
line-shape analysis.

base is available. The previous estimates for the amplitude
of restricted rotation or oscillation seem to be effective for
fitting data at both frequencies. The primary motion
includes jumps which extend over a range around exact
= flips. The inhomogeneous nature of the motion indicated
by the CSA spectra is plausible for a polymeric glass.
Differences in packing lead to microscopic density fluc-
tuation or a free volume distribution. Also differences in
more specific interaction between chains, aside from
packing effects, are also conceivable. Spatially separated
groups therefore experience different barriers to motion.

The Williams-Watts formalism as expressed in eq 3 and
its incorporation in multisite exchange line-shape ex-
pression represent this distribution. The breadth of the
distribution may depend on the polymer structure and the
nature of the motion. For BPA-PC, an a value of 0.154
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indicates a broad distribution. A model® for motion in solid
BPA-PC links the phenylene motion of the concerted
cis-trans, trans—trans conformational interchange involving
the carbonate unit. Since the whole process extends over
more than one monomer unit, it is reasonable that the
motion is more sensitive to steric hindrance and reacts to
a greater degree to any density fluctuations or free volume
distribution present in the system, thus yielding a broader
distribution than in a case when the motion is simple and
very localized.

The proposed motional model leads to the diffusion of
a defect conformation along the polymer chain. The
diffusing defect experiences a range of barrier heights
resulting from various local packing and interaction effects
and this leads to a distribution of waiting times. A dif-
fusional process experiencing a distribution of barrier
heights has been shown to lead to the stretched expo-
nential form of correlation function.® 2 This development
from the theoretical side lends further credence to an
analysis based on a Williams-Watts type correlation
function.

Defect diffusion motion in combination with a distri-
bution of barrier heights has been used to derive a
stretched exponential correlation function.®# However,
if the distribution of barrier heights is different in the
vicinity of spatially distinct relaxing groups, an inhomo-
geneous correlation function would result, i.e., relaxing
groups at different spatial positions would have different
relaxation rates. If the distribution of barriers were
equivalent surrounding each spatial site, a homogeneous
correlation would result. A derivation of the first case is
not available, with the only derivations®* corresponding
to one set of barrier heights. These derivations start with
a fundamentally inhomogeneous description but lead to
a description of relaxation at only one site without con-
sidering the prospect of the barrier height inhomogeneity
invoked, producing unequivalent relaxation at other sites.

From a general physical viewpoint, it seems unlikely that
the correlation function itself is either purely inhomoge-
neous or purely homogeneous. The analysis considered
here assumes complete inhomogeneity, and our earlier
analysis,! complete homogeneity. The line-shape data are
indicative of considerable inhomogeneity. Proton relaxa-
tion is sensitive to the presence of a distribution but cannot
distinguish between homogeneous and inhomogeneous
because of extensive averaging over spatial sites by spin
diffusion. Carbon-13 T,' and T,," data indicate inho-
mogeneous character, with spin dynamics playing a lesser
role especially in the case of the T, data.!? A decisive
partitioning between the homogeneous and inhomogeneous
aspects of relaxation in a glass which is consistent with
spin-lattice relaxation and line-shape data warrants further
consideration both theoretically and in the development
of additional experimental data.

Temperature also affects the apparent homogeneous vs.
inhomogeneous character in line-shape data. At low tem-
peratures and intermediate exchange rates both deuteri-
um? and CSA line shapes indicate an inhomogeneous
distribution. However, at high temperatures, both sets of
line-shape results indicate that all phenylene rings undergo
large-angle Qips in the fast limit. From the defect diffusion
viewpoint, at lower temperature the defects can diffuse
over a limited range past the lower barriers in the distri-
bution of barrier heights., The associated rings will appear
as mobile, each with its own rate. Phenylene groups ex-
periencing high barriers will not undergo flips on the time
scale of the experiment or only very slowly and will
therefore appear as rigid. At high temperatures, all bar-
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Figure 8. Theoretical deuterium spectrum, using the simuita-
neous-inhomogeneous description and parameters at -20 °C
obtained from CSA line-shape analysis.
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Figure 9. Comparison of homogeneocus (a) and inhomogeneous
(b) theoretical treatments of deuterium line shapes for phenylene
group rotation for equivalent intermediate rates: (a) 7, = 1.8 X
105, & = 0.16; (b) 7, = 5.0 X 1083, a = 0.16.

riers can be surmounted in the time scale of the experiment
so all rings are observed to undergo flips. If the temper-
ature is sufficiently high, say 100 °C in BPA-PC, a dis-
tribution of flip rates still exists but all of the rates are in
the fast limit, yielding the simple rapid-limit line shape,
which can be simulated by any jump faster than the fre-
quency separation of the exchanging line positions. The
apparent activation energy of 50 kJ/mol, which is typical
of polymeric glasses, seems quite reasonable and is in
agreement with values from relaxation map analysis, me-
chanical data,* and T, and T, simulations. Thus the
phenomenological link in time among different NMR,
dielectric, and dynamic mechanical measurements is fur-
ther supported. In the same vein, the experimental data
for dynamic mechanical measurements can be matched
rather well, using activation parameters from line-shape
analysis as input basis for eq 7, which is similarly reas-
suring.

In view of the success of the simultaneous-inhomoge-
neous description in fitting different sets of experimental
data, it seems worthwhile to generate a theoretical deu-
terium powder spectrum using the same motional picture
and the correlation time at -20 °C. The generated spec-
trum should closely match the experimental deuterium
spectrum at -20 °C, which has distinct features reflecting
the inhomogeneous distribution.? Since the pulse widths
and guadrupolar echo delays are not published, the cor-
rections to the deuterium line shape cannot be affected.
However, similar calculations showed that for the case of
phenylene flipping, incorporating the corrections shifts the
correlation times by a certain factor, but the basic line-
shape features remain. Figure 8 shows the calculated line
shape, which displays the same general features as the -20
°C expermental spectrum. This similarity in line shape
obtained with the correlation time at -20 °C from CSA
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lipe-shape analysis gives additional confidence in the
phenylene dynamics picture as outlined here. It should
be noted that due to the increased quadrupolar interaction,
the features that distinguish homogeneous and inhomo-
geneous line shapes for intermediate rates, i.e., the dif-
ferences at the absorption maxima, are enhanced over the
CSA case as shown in Figure 9.
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SOLID STATE LINE SHAPES CALCULATED FROM A FRACTIONAL
EXPONENTIAL CORRELATION FUNCTION
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Intraoduction:

Local packing differences observed in polymeric glasses
result in density fluctuations or a free voluse distribu-
tioa. This, coupled with a variety of intermolecular inter-
accions, may cause motion in solid-state to be discribution-
al I{n churacter. A fractlonal exponencisl correlation func-
tlon of the fora e=(t/1,)® with 0<al, commonly referred to
as the Willlams-Watts function, has long beean employed to
describe such distributional effects. Williams and Watts
have used this function to lanterpret dielectric relaxation
in polymers. Recently Bendler et al.* have used this
stretched exponential form to describe defect diffusion {n a
s{tuation where a distribution of barrier heights exists.
NMR line shapes for a simple two-site exchange based on this
function display the obvious features of dl-trtbutlon.l
However, the discribution may srise in two vays: (1) a
homogeneous distribution where the motional process is the
sace throughout the matrix, but {s non-exponential in char-
acter, and (11) an {nhomogeneous distribution where there {»
a true spatial discribution of molecular processas, each of
which is characterized with {ts owva exponent{al time-
constant. Powder NMR line shapes, both CSA and quadrupolar,
are in general more fnformative than a stimple single line
exchange line shape particularly with respect to the geom~
etry of the motion. Use of the Willfams-Watts functisa for
CSA line shapes has been successful in predicting the nature
af distributfion. The large quadrupoler interaction often
renders the deuterfua l{ne shapes even more sansftive than
the CSA line shapes. In this report, the Willlams-Wacts
non-exponential correlation functton will be applied to cal-
culate homogeneous and {nhomogeneous solid deuterium line
shapes for the case of phenylene w-flipping sround CC,
axis. The line shapes are compared with the ones obtained
for a single correlation time. The .gpllc-ttonl are related
to published experimental data on PBT? and our own CSA find~
ings.

Calculation:
Line ghapes for single correlation times are calculated
according to the two~site exchange formalisam developed inde-

pendently by Hehr1n56 and Wemmer. The distributionsl
models make use of the Willfams-Watts function:

a
o(t) = e-(t/tp) It}
where 1, is the center correlation time, and g, the breadth
parameter. Smaller a's are assoclated with groudar distri-
butfons. Eq. (1) can be recast in the form:~
-
4(t) = f d(log t) G(log 1) exp(-t/t) (2)
-
The following discrete summation form is easy to use

$(t) = Py exp(=t/ty) (3)
)

with a normallzation constant given by ¢(0) = Py ~ 1;
Py= G(log rj) [108(1]/t1+1)]
where by the definiction tn Eq. (2)

G(log t) = tp(t)/log e

£51

For (1), the series expansion form as reported by
sendler et al.3 and shown below, is used tn our calculation.

p(r) = a/rp(r/rp)“-1 e"‘/fp)u {1=aF+a2F3-a3F4+aFst... .

The terus Fp, F3, P, and Fg which have o and 1, dependence
are defined {n ref. 2.

For a homogeneous distribution, Kaplan et al. use che
correlation function expressfon (3) and develop the final
line shape expression for a two-site exchange process [Eg.
(22), ref. 3]). For our case, the same expression is ex—
tended to a polycrystalline type line shape. For an {nhomo-
genecus distribution, the same line shape expression as used
for a single correlation time process, i{s employed but with
a distribution of correlation times. Each correlation time
makes its own contribution towards the total line shape col-
lapse and the contribution in each case is weighted accord-
ing to the distribuction embodied {n Eq. (3). A acheme
adopted to save computer time is described elaevhere.?
all ocur calculations tnvolving distribution, we use an g
value of 0.30. The g values are usually estimated {n con~
junceion with othar sets of experiments such as carbon-13 or
proton Ty or Ty data.” It may also be possible to set an o
value by matching both shapes and true {ntensities {n quad-
rupale echo experiments. It needs to be emphasized here,
however, that general shapes are deteruwined primarily on the
basis of the particular motional description, irrespective
of intensicties. S5ince our main objective is to test wider
applicability of the Williams-Watts function for NMR line
shapes and since the published dats do not contain reductfion
factors showing loas in intensity relative to true FID's, we
use sn g value of 0.30, vhich {s vessonsble for glassy poly-
mers., The calculated spactta are corrected for pulse pover
fall-off as a function of frequcncy8 and for amotions that
occur during the quadrupole echo delay time. Atteapts wvere
nade to fit line shapes reported i{n ref, 5 (p. 2402) and re-
sults for simulatioa at 50°C are shown in Fig. 1. Calcu~
lated line shapes are i{ndicated by solid lines and the ex-
perimental by dashed lines.

In

Discussion:

Results in Fig. 1 shov that calculated line shapes for
single correlation time ¢——, la) and homogeneous distri-
bution (=== 1b) have quite similar festures. A homogene-
ous distribution adds some extra brosdening effects without
altering the basic line shape features. With an inhomogene-
ous distribution, this is, however, not the case as can be
seen from the calculated line shape ( ) shown tn Fig. lec.
The line shspe has obvious festures which allow one to easi~
ly distinguish the inhomogeneous case from the other two
categories. This is to be expected, since i{n polymers,
local density fluctuation coupled with {nteraction effects
produce different local environs for the same motional pro-
cess. The motional processes thus experience apparently
different barrier heights, leading to the inhomogeneous dis~
tribution. These results are also {n agreement with our CSA
line shape anslyses® and clearly demonstrate the utilicy of
stretched exponential foram as a basis for explaining distri-
bution in polymers. The improved match of the experimental
line shape with the {nhomogeneous calculaton {s easily noted
in the figure. An Arrhenius analysis of Tp'u gives an acti-
vation energy of 45 kJ/mole which is typical for polymeric
glasses but is much larger than the estimate based on & sin-
gle exponentiszl correlation function. A detailed analysis
of a larger data base is desirable for a hetter estimate of
a and activation energy.

The present report and numerous other quadrupole, CSA
and spin~lattice relaxatfion studies,10-12 4 glassy poly-
mers clearly demonstrate that in genersl the dynamics f{s
distributional in character and the distribution can be con-
veniently and accurately characterized by the stretched ex—
ponential or Will{iame-Watte function. A physical origin of
this distribution has been a topic of recent discussion tn
the literature2,13713 4nd lends further credence to this




approach. Also from the experimental literature examined
thus far there is a strong indication that the distribution
is 1o general inhomogeneous in glassy polymers.
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Comparisons of single correlation time (a), homog-
eneous (b) and inhomogeneous (c) treatments for
simulation of deuterium line shape on PBT at 50°C
(ref. 5, p. 2402). In each case, the calculated
line shape is represented by the solid (—)

line and the experimental by the dashed (--=-=)
line. The correlation times for the calculaced
spectra sre: a) 9.0 x 10~7s (1), b) 1.0 x 10-8s
(1p), and ) 1.2 x 10%3s ().
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SUMMARY

Deuterium, carbon-13 and proton spin-lattice relaxation times at two fields are reported
for dilute solutions of 1,1-dichloro-2,2-bis(4-hydroxyphenyl)ethylene polyformal. The
carbon-13 and proton relaxation mesasurements were made at a concentration of 10%
(w/w) in deuterated s-tetrachloroethane and as a function of temperature. A partially
deuterated analog with deuterated methylene groups was used in order to remove cross-
relaxation effects from the phenylene proton relaxation. In addition, deuterium relaxa-
tion measurements were made on this sample at a concentration of 10% (w/w) in tetra-
chloroethane as a function of temperature. The data are interpreted in terms of seg-
mental motion arising within the bisphenol units and anisotropic internal rotations of the
other structural components. Motions of the phenylene groups in the backbone are des-
cribed by the Hall-Helfand segmental correlation function plus the Woessner anisotropic
internal-rotation correlation function. Motions of the formal linkage are described by the
same segmental correlation function plus an internal correlation function based on res-
tricted double rotation about the two carbon/oxygen bonds. The local motion of the
formal group is discussed in terms of conformational transitions that are likely in a poly-
formal in view of the conformational energy surface. A Helfand Type Il motion of the
formal group corresponding to a transition from gg' to tg is identified as the most plaus-
ible rearrangement of this unit.

Spin relaxation in dilute solution has been used to characterize local chain
motion in several polymers with aromatic backbone units [1- 5]. One not-
able type is aromatic polycarbonates which are common high-impact-resistant
engineering plastics. The polymer examined here, 1,1-dichloro-2,2-bis(4-
hydroxyphenyl)ethylene polyformal, shown in Fig. 1 and abbreviated
Chloral-PF, is a structural analog of a well studied polycarbonate, Chloral-PC
(4, 5]. The only difference in the structure of Chloral-PF relative to Chloral-
PC is the replacement of the carbonate units by formal units. The formal
unit presents an opportunity to monitor chain motion at a site inaccessible
in polycarbonates because the carbonate unit contains no protons and thus
cannot be probed by the usual approach. Additional motivation for study

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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Fig. 1. Structure of the repeat units and the associated abbreviations.

arises because this polymer has a dynamic mechanical spectrum similar to
the impact-resistant polycarbonates (6].

An early report of spin relaxation and local motion of dissolved Chloral-
PF has already been presented [7). In the present paper, an expanded data
base is presented to verify and extend the previous interpretation. On the
basis of the earlier data, the formal group was viewed as undergoing segmen-
tal motion originating in the bisphenol unit plus restricted rotational diffu-
sion about an axis between the oxygens of the formal group. As discussed in
the previous study, the choice of the O— O rotation axis is an approximation,
leading to the conclusion that the formal group rotates freely about the
O—O0 axis at high temperature. With an enlarged experimental data base, it is
now possible to consider a more detailed and realistic model for the formal
group motion. This model consists of simultaneous, restricted rotations about
the C—O bonds in the formal linkage. The Szabo convention (8, 9] is adopted
to describe simultaneous trans—gauche two-site jumps about the C—O bonds.
This picture is consistent with solid-state deuterium n.m.r. studies on several
polymers in which the methylene units in the backbone of the polymer
chain undergo trans—gauche isomerization [10—12]. In the earlier study, it
was also assumed that formal group rotation has no effect on the phenylene
group motion. In the interpretation to be presented here, this assumption of
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localized independent formal group motion continues to yield the best simu-
lation of the data.

The deuterium magnetic resonance data reported here provide an indepen-
dent probe of chain motion because the relaxation mechanism stems from
the quadrupolar interaction. This mechanism is entirely different from the
source of proton and carbon-13 relaxation which results from modulation of
the dipole/dipole interaction. Also, certain complexities present in dipolar
relaxation such as cross-relaxation and cross-correlation are absent from
quadrupolar relaxation. The deuterium spin-relaxation times in this report
are measured at two field strengths in the deuterated Chloral-PF analog shown
in Fig. 1. The combination of deuterium, proton and carbon-13 relaxation
measurements each at different field strengths provides an unusually exten-
sive frequency probe (13.8—250 MHz) yielding a critical data base for quan-
tifying the dynamics.

EXPERIMENTAL

High-molecular-weight samples of the polyformal were kindly supplied by
General Electric. The structure of the repeat unit is shown in Fig. 1 as well
as the structure of a partiaily deuterated form which was synthesized here
[13]. Based on instrinsic viscosity, the weight-average molecular weight of
the polyformal is 3.7 X 10* Daltons and that of the deuterated analogue is
2.9 X 10* Daltons. A 10% (w/w) solution of the polyformal in C,D,Cl, was
prepared for proton and carbon-13 spin relaxation measurements. Another
10% (w/w) solution of the partially deuterated polymer in tetrachloroethane
was also prepared for deuterium spin-relaxation measurements. These two
samples were subjected to five freeze/pump/thaw cycles before sealing.

Two spectrometers were used. The 30- and 90-MHz proton measurements,
the 22.6-MHz carbon-13 measurement and 13.815-MHz deuterium measure-
ment were obtained on a Bruker SXP 20-100. The 250-MHz proton, 62.9-MHz
carbon-13 and 38.397-MHz deuterium measurements were obtained on a
Bruker WM-250. Temperature control was maintained to +2 K with a Bruker
B-ST 100/700 variable-temperature accessory calibrated against a thermo-
couple placed in a sample tube. All T, measurements were made with a stan-
dard 180°—r—90° sequence and are reported with an experimental uncer-
tainty of 10%. Typical #/2 pulse widths for all nuclei are in the range
10—25 us. The 10% error reported for T, includes errors arising from sample
preperation, temperature control, pulse sequence and the fitting of the
recovery of magnetization to equilibrium.

RESULTS
The recovery of magnetization to equilibrium monitored in the 180°—r—

90° sequence follows a simple exponential dependence on delay time, r. The
data were fitted both with the standard linear least-squares form and non-




170

linear least-squares form. The two treatments yielded relaxation times
(T,) within 10% of each other and average values are reported. No evidence
of cross-relaxation or cross-correlation were observed in the decay curve oi
the recovery of magnetization. The presence of cross-relaxation in the proton
data was further checked by comparing the phenylene T, value in the fully
protonated polymer to the phenylene T, value in the deuterated polymer.
The phenylene proton T, is about 10% longer in the deuterated polymer
indicating a small amount of cross-relaxation though the 10% change is essen-
tially the same as the experimental uncertainty. T:ble 1 contains proton,
carbon-13 and deuterium T, values as a function of temperature and Larmor
frequency.

Interpretation
The standard relationships between T; values and spectral densities, J, are
used for carbon-13, the expressions are:

T, =Wo + 2W, . + W,
Wy = 127%:7glﬁ2']l(“’0)/20r[6

TABLE 1

Spin-lattice relaxation times of Chloral-PF

Temp. (°C) Relaxation time (ms)
Phenylene proton Phenylene carbon
90 MHz 30 MHz 62.9 MHz 22.6 MHz
0 548 153 137 72
20 499 189 174 106
40 522 274 243 156
60 628 412 377 349
80 794 553 543 448
100 1168 763 798 679
120 1411 939 1113 936
Temp. (°C) Relaxation time (ms)
Formal proton Formal carbon Formal deuterium

250 MHz 90 MHz 629MHz 226MHz 38.4MHz 13.8MHz

—20 3.15 1.09
0 335 129 81 36 3.09 1.55
20 282 114 91 52 3.97 2.70
40 268 133 115 82 6.21 5.44
60 295 198 158 123 11.92 10.65
80 350 258 229 193 17.95 17.00
100 467 320 339 275 28.86 27.40
120 628 433 403 377 41.08 40.57




171
Wi =Y 3vévhfitd (wc)/40rf (1a)
i
Wi =T 3v&rihitdy(w,)/10r8
i
We TWH —We w2 Twy t we
and for protons the relationship is
1T, =Y (9/8)y*#%r;® [(2/15)J) (wy) + (8/15)J3 (2w yy)] (1b)

i
For deuterium quadrupole relaxation in liquids, the expression [14] is
1T, =(3/80) (1 + n*/3)(¢’qQ/A)*? [/(w p) + 4J(2wp)] (1c)

where e2qQ/#% is the quadrupole coupling constant. The asymmetry para-
meter, 7, is negligibly small for deuterium {11, 14].

The internuclear distances used are 1.09 A for the phenylene C—H dis-
tance, 1.135 A for the formal C—H distance, 2.36 A for the 2—3 phenylene
proton distance, and 1.79 A for the formal proton—proton distance. The
internuclear distance between the 2 and 3 phenylene protons is small but it
is consistent with x-ray results on a similar low-molecular-weight molecule,
dimethyl terephthalate [15). The quadrupolar relaxation expression requires
knowledge of the quadrupole coupling constant. For polymethylene oxide,
the methylene quadrupole coupling constant is 1564 + 2 kHz [11]. For the
polymethylene chains, the coupling constant is 167 kHz {12]. The coupling
constant used here, 160 kHz, is in reasonable agreement with these values.

The expressions for the spectral densities can be developed from models
for local motion in randomly coiled chains. The local motions to be con-
sidered here are segmental rearrangements, phenylene group rotation and
formal group rotation. Segmental motion is described by a model developed
by Helfand and coworkers [16, 17], based on computer simulations of chain
dynamics. The correlation function for segmental motion involves two
motional processes and is given by

9(t) = exp(—t/ro) exp(—t/ry) [o(t/1y) (2)

where r, is the correlation time for cooperative conformational transitions
involving several bonds, 7, is the correlation time for single-bond conforma-
tional transitions, and I, is a modified Bessel function of order zero. This
correlation function has been successfully applied to the solution study of
polycarbonates [5]. Single bond and cooperative transitions occur in the bis-
phenol units of the backbone. Segmental motions about the bonds of this
unit, depicted in Fig. 2, affect the dynamics of both the phenylene and
formal groups. The correlation function can be Fourier-transformed to yield
the following spectral density required for calculation of spin relaxation.

J(w) = 2([(ra!)(rs! + 2ri!) — W?]2 + [2(r5" + r{Yw]}
cos {1/2 arctan 2(r3' + riY)w/[r5' (70" + 277") — W?]} (3)
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Fig. 2. The physical picture of segmental motion within the bisphenol unit. The arrows
indicate those bonds in the bisphenol unit, the reorientation of which is included in the
description of segmental motion.

Local phenylene and formal group rotation can be described by aniso-
tropic internal rotation [18]. The correlation function for a trans—gauche
two-site jump in the formal group can be calculated by using the Jones two-
site jump model [19]. For two rotational equilibrium positions, the time-
dependent probabilities can be calculated:

P(¢,0)=1/2
P(¢;, t19,0)=1/2 [1 + exp(—t/r)] (fori=}) (4)
P(¢;,t19,0)=1/2 [1 —exp(—t/r)] (fori# )

where P(¢,, 0) is the probability of finding the internuclear vector at angle ¢,;
P(¢,,t19;,0) is the time-dependent probability of finding the internuclear
vector at angle ¢, given ¢; at time ¢ = 0. The correlation function can thus be
calculated by using those probabilities:

&mp(t) = exp[im¢(0)] exp[—ipe[t)]

= Z‘ZP(m, 0) exp(img¢,) [ ;‘Z exp(—ipe;) P(¢;, t1¢, 0)] (5)
Assuming that the correlation function is independent of the initial position,
$0), which is dependent on the choice of the coordinate system, then

Emm(t) = 1/2{1 + exp(—t/ry)] + 1/2[1 — exp(—t/1y)] (cos m¢) (6)

When m # p, g,,,(t) = 0. Here, ¢ is the jump angle, and r,, is the jump relaxa-
tion time. For the trans—gauche conformational change, ¢ = 120°, and thus

8oo(t) = 1; 841 11(t) = Zaa4a(t) = 1/4 + 3/4 exp(—t/1yy) (7a)
For ¢ = 180°, referred to as a « flip,
8o0(t) = 1; 84141(2) = exp(—t/T¢r); B1242(¢) = 1 (7b)

The Szabo formula is used next to express the internal correlation function
for double rotations as

G(t)= L T dh(a]ldi[A1*d], (B21) dim(Bar) g0()ES(2) (8)

mn p
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where d2,_[a], d},[A], d;,, (821] and d}, [82:] are reduced Wigner rotation
matrices. A frame 1 is defined such that the rotation axis, Z,, is along the Z
axis of frame 1. The internuclear vector I rotates about the Z, axis, as shown
in Fig. 3. Similarly, the Z; axis rotates about the Z axis of frame 2. Here,
A is the angle between the internuclear vector and the rotation axis Z,;
B4, is the Euler angle between the two rotation axes Z, and Z,; and g{\}(¢)
and gi3)(t) are the correlation functions describing rotation of the internuclear
vector about the Z, axis, and the rotation of frame 1 about the Z axis of
frame 2, respectively. Equation 8 can be simplified when the correlation
function is independent of initial states. For this case, m = n, and G(t)
becomes,

G(ty= L [d2 (aN? [d5,,(B21)])7 g ()g2(t) (9)
mp

By using this equation, several types of anisotropic motion can be introduced
including jumps between two minima, jumps between three minima or
stochastic diffusion.

In the case of one internal rotation axis, the correlation function in Egqn. 8
reduces to

G(t)= L @ (a]d2, (A)* 2. ()= T {d2,[A]}gn(t) (10)

where g, (t) is the correlation function described by Woessner [18]. For
stochastic diffusion of phenylene group rotation about the C,—C, axis, the
correlation function is

Zu

Ym

X

Fig. 3. The coordinate systems for double internal rotations of the formal group. The
internuclear vector, I, rotates about the Z, axis. Z, rotates about the Z, axis which is the
Z axis of frame 2. The axes of the molecular frame (Z,, Y,,, X,,) are arbitrarily chosen
to coincide with those of frame 2 (cf. [20]).
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G(t) = A + B exp(—t/r,,) + C exp(—4t/r,,) (11)

where A = (3cos’A — 1)%/4, B = 3(sin*24)/4, and C = 3(sin‘*A)/4.

The correlation function for segmental motion can be combined with
formal group rotation and phenylene group rotation to yield a composite
correlation function when each of the three local motions is considered to
be independent. By using Eqns. 2 and 9, this composite correlation function
can be Fourier-transformed to yield the following spectra density:

Jw) =2 Re J o(t) G(t) expliwt)dt
0

=2 Re g’ T [d2,(8)]7[d2,, (B21))® exp(~t/ro) expl—t/r}) Lo(t/r1)
mp

£20.(0)852(¢) exp(iwt)dt (12)

By inserting the internal correlation function for formal group motion des-
cribed by Egn. 7(a) and integrating, the spectra density becomes
J(w)=J,(ro, 71, w) [ddo(a)]? [d3e(B21)]?

+ [1/16 J,(ro,r1,w) + 3/8J, (Tho, 71, w) + /18 J (1c0, Ty, w)]

< 2[{d}e(2)}* {[d}:(821))* + [d1:(B21)]7}

+ 2(1o(8)]* {[d}4(821)]* + [d}.4(821)]%)

+ 2([d3())7 + [d3o(A)])7} ([di(B20)]* + [, (P20} >

+ [1/4J, (r0, 11, w) + 3/4J, (140, 71, w)]

< 2({[d3(4)])* + [d3s(4)]%} [d3e(B21)]?

+ 2{[d3e(4)]* + [dio(2)1%) [dio(B20)]% > (13)
with ryh = 73" + 1.} and v}, =13 + (7,,/2)"

Here, J, (14, 71, W), Ju(t40, 71, w) and J(ro, T;, w) have the same form as
Eqn. 3 with r, replaced by 7,, 7,0 and 7, respectively. A correlation time,
Tyr, 18 set for the time scale of formal rotation about the C—O axes.

For phenylene group motion, two approaches were considered. The first
approach allows no effect from formal group rotation and the second ap-
proach allows for the effect of rotation of formal group. In the first case,
simply substituting Eqn. 11 for G(t) into Eqn. 12 yields the spectral density

"(")) = AJx (709 Ty (a)) + BJ,(Tyo. T, w) + CJ:(TZOO Ti, “)) (14)
For stochastic diffusion,

TS =T i =1l 4 (1 /4)” (15)
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The form of J,, J, and J, is the same as in Eqn. 3 with r, replaced by
To, Tyo @nd 7,0, respectively. A correlation time, r,,, is set for the time scale
of phenylene rotation. In the second case, the correlation function for
phenylene group motion is obtained by multiplying the correlation function
for stochastic diffusion given by Eqn. 11 with a correlation function given
by Eqn. 7(a). Following the same calculation as in the derivation of Eqn. 13,
then yields a lengthy but very similar result to Eqn. 13.

Because of the simple form for segmental motion in the Hall-Helfand cor-
relation function [16], Eqns. 13 and 14 can be used in a nonlinear least-
squares program to fit the data as a function of temperature if an Arrhenius
dependence is assumed for r4, r, and r,,. Two frequencies of phenylene
proton data and six more frequencies, two each for formal proton, carbon
and deuterium data, are simulated by three parameters: r,, 7, and r;,,. Be-
cause both the formal group and phenylene group are in the backbone, it is
required that the same r, and r, parameters for segmental motion are used
in fitting the formal and phenylene group motion. After the segmental and
formal motion parameters have been measured, the correlation time, 7.,
for phenylene group rotation is determined from the phenylene carbon data.
All experimental relaxation times can be simulated to about 10%, which is
within experimental error. Correlation times and Arrhenius parameters are
compiled in Table 2.

Because the phenylene proton/proton dipole interaction is parallel to the
C,—C, axis of the ring, proton T, values of the phenylene group measured
at two frequencies can conceivably be affected by both segmental motion
and formal group motion. If the effect of formal group rotation is included
in the simulation as discussed above, the phenylene group would rotate 120°
about the C—O axis. This leads to deviations from the experimental pheny-
lene T, values, producing high T; predictions for the entire temperature

TABLE 2

Simulation parameters for Chloral-PF using the Hall-Helfand model

Temp. (°C) 1,(ns) r4(ns) Tep(ns) Tyr(ns)
—20 3.40 25.0 - 15.0
0 2.38 11.0 2.15 4.5
20 1.14 6.5 1.19 2.5
40 0.60 4.14 0.81 0.99
60 0.34 2.77 0.37 0.57
80 0.21 1.94 0.26 0.34
100 0.13 1.41 0.18 0.21
120 0.088 1.06 0.126 0.149
Eq (kd mol™) 24.5 17.4 21.0 26.1
Toe (f8) 48.9 5160.0 188.4 77.4
Correlation 0.99 0.99 0.99 0.99
coefficient
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range. Inclusion of the formal motion in the calculation of the phenylene
group relaxation simply leads to too much motion. If the phenylene group
rotation is considered over smaller angles, e.g., 60° or less, about the C~O
axis, it is possible to simulate the proton and carbon data by re-adjusting the
simulation parameters (r,, r, and r,,). However, the deuterium data cannot
be simulated well with this set of parameters. This difficulty indicates the
utility of a large data base in discriminating between various motional pos-
sibilities. The only consistent interpretation found restricts formal group in-
ternal rotation to the formal group with no associated motion of the pheny-
lene group. It is possible that very small amplitude motion of the phenylene
group resulting from formal motion exists but major reorientation is unlikely
to view of the present simulation results.

DISCUSSICN

The results for formal group motion differ from the earlier study on this
system. The current interpretation involves trans—gauche isomerization with-
in the formal unit and this motion does not extend beyond the formal unit.
By applying the double internal rotation concept to the formal group and in-
cluding two deuterium frequency measurements, it is possible to obtain

TABLE 3

Comparisons of simulation parameters of polycarbonates and polyformal

Polymer Segmental motion Ref.
Apparent activation energy Arrhenius prefactor
(kJ mol™) T (f8)
Cooperative Single backbone Cooperative Single backbone
segmental  rotation segmental rotation
T'(oc) (r,) (14) (r,) (7o)
BPA-PC 150 19 16 280 10030 4
Chloral-PC 164 17 18 940 4090 4
Chloral-PF 108 25 17 50 5160 This
work
Phenylene ring motion
T,(°C)* Type E, (kd mol-') T (f8)
BPA-PC —-100 Stochastic 22 60 4
diffusion
Chloral-PC -100 Stochastic 18 400 4
diffusion
Chloral-PF —100 Stochastic 21 190 This
diffusion work

*The temperature of the main sub-glass transition loss peak measured at 1 Hz {6].

e MR
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reasonable time scales and activation energies for segmental motion and in-

ternal rotation which can be compared to the corresponding values obtained

for the polycarbonates [3—5]. Table 3 contains those comparisons. The

similarity of the segmental motion is apparent and reasonable because the

segmental description reflects motions within the bisphenol unit as shown in
. Fig. 2 and is not associated with the formal or carbonate groups. One inter-
esting difference between the Hall-Helfand interpretation of Chloral-PF and
the polycarbonates is the relative apparent activation energies for r; and 7.
For the polycarbonates, the activation energies for cooperative segmental
motion and single backbone bond rotation are found to be similar, This can
only occur if cooperative segmental motions occur sequentially as opposed
to simultaneously [21—23]. For the Chloral-PF, the activation energy for
the cooperative process is somewhat higher than for the single transitions
which may be indicative of more nearly simultaneous cooperative transitions
such as those produced by crankshaft motions. The same result was also
found in another solution study of a related system, Bisphenol A polyformal
(BPA-PF) {24]. The difference in activation energy for the above two proces- p
ses in BPA-PF is smaller but still significant. The single transitions are minor
processes in both the polycarbonates and polyformals, primarily because of
the larger prefactor as opposed to a larger activation energy.

Phenylene group rotation in the Chloral-PF can also be compared to that
of Chloral-PC. Phenylene group rotation in Chloral-PF is a factor of 1.5 to
2.0 slower at a given temperature relative to Chloral-PC but the activation
energy for phenylene group rotation in both polymers are quite similar (5].
This suggests that phenylene group rotation is dominated by the local poten-
tial energy surface and is not greatly affected by the change from a formal link
to a carbonate link. The phenylene group rotation in solution is best modeled
by stochastic diffusion while it is modeled by # flips in glassy polycarbonates
(20, 25, 26]. Calculations by Tonelli [27] suggest a low barrier to phenylene g
group reaction for an isolated polycarbonate chain. MNDO calculations on
the dichloroethylene unit indicate a high barrier, 42 kJ mol™, to phenylene
group rotation [28]. The discrepancy between these solution results and the
calculation is not resolved but the similarity of the experimental data between
the Chloral unit and the Bisphenol A unit is indicative of comparable mobility.

The best simulation for formal group rotation is obtained by applying
double internal rotations about the C—O bonds while not allowing these
motions to contribute to phenylene relaxation. This motion is described as a
product form of two single exponential correlation functions. A physical
representation of formal group motion that is consistent with the simulation
results, particularly the lack of influence on the phenylene group, is a chal-
lenging task. The conformational states of the formal group are not known
with certainty but can be inferred from similar small-molecule structures and
for this purpose the conformational energy map of dimethoxymethane is
important (29, 30]. The lowest conformational states of the formal group
in dimethoxymethane are gg' and g'g. This unusual situation relative to poly-
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ethylene chains is commonly called the anomeric effect [31, 32]. Corres-
ponding to each of these conformations, there are two conformations which
are only 4 kJ higher in energy. The tg’ and gt conformations are energetically
near the gg' conformation while the tg and g't conformations are energeti-
cally near the g’z conformation. The gg’, gg and tt states are higher in
energy. Because of the similarity of conformational changes for gg’ and gg
and for simplicity, only the gg’ case is illustrated. The most facile conforma-
tional changes from the lowest states can be represented by

g8 = (tg') = tg (16)
88 = (gt)=g't (17

These conformational changes can be applied to the formal groups of
polymer chain. Figure 4 illustrates local formal group motion resuiting from
conformational state changes in a repeat unit. The lowest conformational
state is gg' as shown in Fig. 4(1). In Eqn. 16, gg' undergoes trans—gauche
rotation to form tg’' in Fig. 4(2). This simple trans—gauche isomerization
leads to rotation of the chain end but this dislocation can be avoided by
allowing a second reorientation, tg’ to tg. Here the chain end is translated
but not reorientated which corresponds to a Helfand Type II motion [21].

(1) 9¢
@ g
@ 19

Fig. 4. Likely conformational transitions of the formal group. The motional process
associated with Eqn. 16 is shown (see text) with arrows indicating the rotations of the
conformational changes from (1) to (3). The overall conformational process is gg' to tg
with the intermediate state of tg’' shown only to indicate the two conformational changes
involved in the oversall process. The intermediate state, tg’', is an unlikely transition state
because it involves a large rotation of the chain end and some other pathway avoiding the
tg' intermediate is likely. Nevertheless, the conformations of two bonds change, which is
the point made by the inclusion of the tg’ state. The proton/proton dipolar interaction of
the phenylene group is only translated and not reoriented. This is a Helfand Type II
motion thought to be a generally plausible form of segmental motion [21].




m

179

Thus the net conformational change is gg' to tg but for calculational pur-

poses, it can be produced in two steps: gg' to tg" and then tg’' to tg. However,
- the state tg’ is not proposed as a real intermediate but rather as calculational

intermediate. The process, gg' to tg, is not observed in the computer simula-

tions of He!fand which were used to verify the importance of Type II
* processes. This gg' conformation is rare in an alkane backbone but important
in polyethers such as polymethylene oxide where the dynamic process gg’ to
tg could be quite significant.

Returning to the aromatic polyformal of this study, the motion proposed
in Fig. 4 does not reorientate the proton/proton interaction in the phenylene
group and thus this formal motion will not cause phenylene group relaxation,
which is consistent with experimental results. An exactly analogous process
involving the other C—O bond can occur as noted in Eqn. 17. In this case,
88 undergoes two 120° bond rotations to form g't. If one combines both
processes in Eqns. 16 and 17, there are two possible isomerization mech-
anisms to cause reorientation in a formal group. This picture is consistent
with the mathematical interpretation of double trans—gauche rotations on
the formal group developed in the context of the Szabo formulae.

Because the formal group motion may be coupled with other formal
groups across the bisphenol group and undergo cooperative transitions, the
orientation correlation function describing these cooperative transitions was
examined. In general, these correlation functions are not exponential [33].
Helfand derived the orientation correlation function given in Eqn. 2, which
includes a Bessel function to describe cooperative transitions. This correla-
tion function has been applied in the present treatment of formal group
motion in place of a single-exponential function. However, this correlation
function does not simulate the data throughout the entire temperature and
frequency range, which is not surprising because a distribution of correlation
times would increase the breadth of the T, minimum whereas the experi-
mental T, curves are quite narrow. Other types of correlation functions cor-
responding to crankshaft and the three-bond-jump motion also involve a dis-
tribution of correlation times and would similarly increase the breadth of the
T, minimum. Skinner and Budimir [34] have presented a treatment of co-
operative sequential motions which leads to a single exponential form but
no simple identification was found between the Skinner treatment and the
polyformal conformational transitions.

The interpretation described here has been successfully tested by another
solution T, study of BPA-PF which includes data as a function of field, tem-
perature and concentration [24].

The trans—gauche isomerization in Chloral-PF is also under study in the
glassy state by solid-state deuterium n.m.r. experiments; the simulation of
these experimental results are still in progress. It would be interesting to
know whether the local chain dynamics model proposed here for formal and
phenylene group internal rotation still persists in the glassy state. Recently,
Jones {35] proposed a model for the chain dynamics of polycarbonates which
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involves trans—cis conformational changes of the carbonate unit. The poly-
carbonate chain is mainly composed of trans—trans carbonate units with oc-
casional cis—trans or trans—cis carbonate units. The phenylene rings undergo
flips in association with the C—O bond rotations. The neighboring carbonate
would undergo counter-rotation from the trans—cis state to the trans—trans
state. The C;—C, axes of the phenylene rings between these two rotating
carbonate units only reorient by 11° or less. Over a period of time, all
phenylene rings would be flipped as the cis— trans and trans—cis conforma-
tions diffuse along the chain. This dynamic model is somewhat different
than the formal group model discussed above though they are related. In the
formal motional description, there is no cooperative reorientation of a neigh-
boring formal unit which could compensate the translational motion whereas
such a compensatory process is proposed in glassy polycarbonates. The results
of relaxation studies on glassy polyformal will help sharpen the similarities
and differences between the two systems.

The ability of multinuclear, multifrequency n.m.r. to distinguish complex
dynamic possibilities existing in high-molecular-weight polymer solutions is
encouraging and suggests that n.m.r. with its ability to probe different atomic
sites in the repeat unit and differing motional timescales offers real potential
for testing the various chain dynamic models based on repeat unit structure
and conformation.
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POLYMER MOTION IN THE
SOLID STATE
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introduction

Nuclear magnetic resonance provides a new tool for characterizing chain
dynamics in bulk polymers. It complements other experimental approaches,
such as dielectric and dynamic mechanical response, with the advantage of
greater structural specificity versus these more traditional approaches. Nuclear
magnetic resonance can probe motion at several places in a repeat unit by
utilizing either one or several experiments. Carbon-13 experiments often can
probe several sites' simultaneously, whereas systems labeled with either
carbon-13? or deuterium®* (see Chapter 10) probe only one site per labeled
polymer. Even proton spectroscopy can be used to probe specific sites under
favorable circumstances.?3-¢

If the goal is to develop a repeat-unit-level characterization of local motion,
certain aspects of the motion must be defined. Arbitrarily, one can start with
the geometry of the motion. Is it isotropic? If not, is there an axis of aniso-
tropic rotation? Does the motion take place by large-angle jumps between
well-defined minima or does it take place by stochastic diffusion over a rela-
tively flat potential surface? If the motion is anisotropic, is it restricted in
angular amplitude at low temperatures, becoming a complete anisotropic rota-
tion about a given axis at higher temperatures?

A second aspect of the motion to be characterized is time scale. In the time

4" 1986 VCH Pubhishers, Inc.
Komoroski (ed): High-Resolution NMR Spectroscopy of Synthetic Polymers in Bulk
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domain this is best summarized by a correlation function and in the frequency
domain by a spectral density. In this regard, polymer motions are often
complex, with two general factors contributing to this complexity. First,
motions taking place in an isolated polymer backbone are complex relative to
small molecules because of the nature of a chain system. Conformational
changes, such as conformational exchange in a chain molecule. lead to Bessel
function correlation functions’® as opposed to an exponential correlation
function for rotational diffusion in a small molecule. The second factor teading
to complexity in solid polymers is intermolecular interactions. In bulk poly-
mers, especially glasses,” '! these interactions can lead to correlation functions
characterized in terms of very broad distributions of exponential correlation
times.

Another aspect of the motion is the temperature dependence or energetics.
As just mentioned, the amplitude of various motions can change with tem-
perature, although more commonly one thinks of changes in the time scale.!?
The time scale of a given motion is often found to have an Arrhenius depen-
dence on temperature; and therefore this dependence can be summarized con-
veniently by an apparent activation energy.

A last issue is often extremely important to the materials scientist studying
chain dynamics. After motions are detected and characterized by NMR, a
relationship to the results of other dynamics cxperiments is sought as well as a
relationship to material propertics. For instance. the glass transition is an
important concept in the study of polymeric solids. This transition can be
observed by NMR!? and the influence of this transition on local motions can
be observed also (sce Chapter 4). In the end. an improved understanding of
local motion above and below the glass transition can serve to better define
the nature of the glass transition itself.

ALAN A. JONES

Experimental Techniques for Characterizing
Local Motions

Spin-Lattice Relaxation

Spin-lattice relaxation measurements have been used widcly to characterize
chain dynamics in solution'* and the same general approach can be extended
to bulk polymers,' although some more difficulties are encountered. Several
points should be considered in designing a spin-lattice relaxation study.

First, each spin-lattice relaxation time samples motion at one frequency
or onc combination of frequencies. In a pure spin-latticc measurcment, the
frequencies are related to the Larmor frequencies of the nuclei involved.'?
If spin-lattice relaxation in the rotating frame is mcasured, the relevant
frequency is given by the magnitude of the spin-lock field'? (sce Chapter 2).
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' To vary the circumstances of the experiment, temperature commonly is swept,
: which changes the nature of the motion sampled by the spin-lattice relaxation
experiment. Whereas temperature variation is a valuable experimental control.
it is even more useful to vary the frequency of the measurement.!*'* Here a
drawback to the NMR approach is encountered. To vary frequency in a spin -
lattice relaxation measurement, the magnetic field must be varied. With
common commercial instrumentation. magnetic fields are fixed so an individ-
ual spectrometer is required for each frequency. Another possible approach to
varying frequency is to study different nuclei such as protons and carbon in
the same polymer!’ because they have different gyromagnetic ratios and there-
fore different Larmor frequencies at the same field strength. For spin-lattice
relaxation in the rotating frame the spin-lock field can be varied. but frequent-
ly the range of useful variation only extends over a factor of two or three.'®
However, relaxation in the rotating frame nicely complements normal spin-
lattice relaxation because the former is in the kilohertz region and the latter is
in the megahertz region.

The particular experimental approach used to observe spin-lattice relax-
ation in bulk polymers depends on the state of the polymer. The easiest experi-
mental situation to study is a rubber at a temperature somewhat above the
glass transition'® (see Chapter 4). Here '*C spectra can be obtained with low-
power or scalar proton decoupling, allowing for relaxation studies almost
entirely analogous to solution studics. The presence of nearly isotropic scg-
mental motion'? removes dipolar couplings and chemical-shift anisotropy,
leaving a spectrum comparable to a dissolved macromolecule. A standard
measurement of spin-lattice rclaxation time, T,, by a 180-2-90 pulsc sequence
as a function of temperature and Larmor frequency should be sufficient to
characterize local motion in a rubber.

In a glassy polymer at least two general types of experimental approaches
may be employed. The first is wide-line relaxation studies. Here the best
system is one where only one nucleus contributes to the spectrum because the
presence of several nuclei leads to signal overlap. One therefore must first
select a polymer system where only one chemical position contributes to the
spectrum, and this is usually achieved through labeling. although occasionally
a judicious choice provides an appropriate case.® In typical wide-line relax-
ation studies, the lineshape is governed by the orientation of the molecule
relative to the externally applied field. The sources of this orientation depen-
dence may be dipolar coupling, quadrupole coupling. or chemical-shift aniso-
tropy. In proton dipolar studies, relaxation of all points in a lineshape are
equal because of spin diffusion (homogeneous broadening).® However for deu-
terium quadrupolar and '3C chemical shift anisotropy cases, relaxation of the
lineshape changes across the lineshape and can depend on the orientation of
the molecule relative to the externally applied field (heterogeneous
broadening). Exploitation of this latter situation has just begun.

High-resolution '3C spectra can be obtained in glassy polymers through a
combination of cross-polarization, high-power dipolar decoupling and magic
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angle spinning’ (see Chapters 2 and 3). The resulting spectra are almost com-
parable to liquid spectra in resolution, so studies of unlabeled systems in
natural abundance are straightforward. Both spin-lattice relaxation and spin-
lattice relaxation in the rotating frame can be observed. However several com-
plicating factors are often present. The rcturn of the magnetization to
equilibrium is often nonexponential. Several possible sources of the non-
exponential behavior have been proposed, including a distribution of correla-
tion times' and spin-spin relaxation contributions.'®?° In any case. '*°C
relaxation times in glassy solids have not been susceptible to quantitative
interpretation with a correlation function comparable to the interpretations
developed for relaxation of dissolved polymers. Qualitative interpretations and
comparisons of mobility between polymers is possible and has proved most
useful in a number of cases.!

In any application of the spin-lattice relaxation approach, the information
generated primarily reflects the time scale of the motion. Some information
about the geometry of the motion can be determined by performing spin-
lattice relaxation experiments at several positions in the repeat unit.'” Some
information about the amplitude of anisotropic restricted rotation can be
ascertained also.2' However, in solid polymers the best information about the
geometry of local motions comes from the study of lineshape.

Lineshape

Examination of lineshape and linewidth also provides insight into chain
dynamics. Following the analogy to solution.studics, onc might consider
employing the spin-spin relaxation time, T,, as a source of information. In the
rubbery state, T, can be determined from the linewidth but careful exami-
nation by several authors shows this relaxation effect to be dominated by
long-range motions and not by local motion.!?-22-23 This situation is also truc
for concentrated solutions and interpretations based on motions. such as the
Rouse-Zimm modes and reptation, have been proposed.?* The validity of
these interpretations has been challenged'? but it is clear that linewidths or
other measures of spin-spin relaxation are not sources of information about
local chain dynamics. This view is presented here in spite of early work by this
author?’ and others!® attempting to use spin-spin relaxation as a source of
information on local chain dynamics in rubbers.

In glassy polymers under conditions of magic angle spinning and dipolar
decoupling, '*C linewidths are also not a function of local motions. Here the
linewidth results from isotropic chemical-shift heterogeneity, which reflects the
heterogeneity of the glass itself.'! In cases where chemical exchange occurs,
local chain dynamics can be studied in a manner comparable to chemical
exchange in small, dissolved molecules.?® The major difference between the
glassy polymer and the small molecule in solution is again in the complexity of
the correlation function reflecting the strong intermolecular interactions in the




m .

POLYMER MOTION 251

glass. High-resolution lineshape studies on phenomena loosely categorized as
chemical exchange yield primarily information about the time scale of the
chain dynamics, although some inferences about geometry can be drawn by
considering the observed lineshape changes.

. The best information about the geometry of motions below the glass tran-
sition comes from wide-line NMR. Until recently the only wide-line spectra
commonly obtained were those of proton and fluorine nuciei. Proton spectra
of glassy solids are always dominated by dipolar interactions. The presence of
this strong coupling in addition to a very limited chemical-shift range yiclds
spectra with extensive overlap of resonances from chemically distinct points in
the repeat unit. Under such circumstances, very little geometric information is
available. In certain cases only one type of proton is present in a repeat unit
and then geometric information can be extracted.?® Fluorine spectra also are
dominated by dipolar interactions in the solid state, but the chemical-shift
anisotropy is large and can be observed more easily under coherent averaging
conditions?’,

Major advances in solid-state '>C2?-2® and deuterium®* spectroscopy have
made detailed geometric information available. Depending on the experimen-
tal approach, the lineshape reflects either chemical-shift anisotropy.? quadru-
pole,** or dipolar interactions.® Whatever the interaction, the observed
lineshape depends on the orientation of the repeat unit with the externally
applied field. If molecular motion is present, orientations are exchanged and
the lineshape becomes partially averaged when the motion becomes rapid with
respect to the frequency separation between the points in the lineshape under
exchange.?® Lineshape changes are very distinctive and provide a fairly deci-
sive test of various motional possibilities.

The time scale of the motion also can be examined when the rate of the
motion is comparable to the frequency of the lineshape.>® The analysis of the
lineshape is quite comparable to the analysis of chemical exchange in high-
resolution spectra of dissolved molecules. The major differences are the sum-
mation over all orientations present in the glassy state and the possible
complexity of the correlation function from strong intermolecular interactions.
Only a restricted range of frequency is accessible in a lineshape experiment.
which limits the ability of this approach to characterize a complex correlation
function. The lineshape studies can be performed in conjunction with spin-
lattice relaxation measurements to extend the sampling in the frequency
domain.’!

Another method for extending the range in time or frequency of lineshape
studies is to employ the Jeener-Brockaert pulse sequence.® This method has
yet to be applied fully to a polymer glass because the analysis of the raw data
requires a knowledge of the correlation function. Currently, correlation func-
tions for motions in glassy polymers are not readily available or even known
to be of a particular form. This general approach will no doubt be more uscful
as the understanding of local chain dynamics in buik polymers grows.




252 ALAN A. JONES

Polycarbonates as an Example

The chain dynamics of the polycarbonate of bisphenol A (BPA) has been
studied widely by solid-state NMR.!%%® The polymer itself is a4 commerciaily
successful engineering plastic, highly touted for impact resistance. This
polymer is aiso known to be very mobile below the glass transition and this
mobility often is associated with the property of impact resistance.>*** Many
traditional dynamic studics have been performed on BPA, but until the recent
NMR work a repeat-unit-level undersianding of the motions was not agreed
upon. Even now some aspects of the motion are under review, although a
reasonable consensus exists about other aspects.

Isolated Chain Studies

It is easier to consider local chain motion for a single polymer backbone.
both experimentally and theoretically. In the isolated chain, intermolecular
effects are absent and these effects can dominate some aspects of motional
properties in the glass. On the other hand, a characterization of the motions in
an isolated chain is still helpful in understanding motion in the bulk polymer.
If a specific local conformational process is not possibic in a chain in the
absence of intermolecular interactions, it is not likely to occur in the presence
of such additional contributions, which increase the barriers restricting
motion. It seems more reasonable to find which motions are possible in the
absence of large intermolecular interactions and then see how these motions
are altered when the interactions are present.

Following this line of thought, dilute solution spin-lattice relaxation studics
can be employed effectively to characterize local chain motion in a situation
where intermolccufar contributions are relatively small. High-resolution
proton and '3C relaxation studies have been performed on dissolved BPA
polycarbonate and a number of related polymers.'”-2!-34:35 Figure 7-1 shows
the repeat units of the polycarbonates studied to date.

In the most recent solution studies,?'-** proton-relaxation mecasurcments
are conducted at at least two field strengths and frequently partially deuter-
ated forms are employed to reduce dipole-dipole interactions among protons
in different chemical environments in the repeat unit. Two partially deuterated
repeat units employed are shown in Figure 7-2. The proton spin-lattice relax-
ation time can be written in terms of the spectral density, J, the internuclear
distance, r, and constants y, and h as follows:

1T, =Y (9/8yih?r C[(2/15M () + (8/15) (2] (7-1)
j

Here wy, is the proton Larmor frequency. If partially deuterated forms are
employed, the rclevant distances in this equation usually are known to within
a few hundredths of an Angstrom.
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Figure 7-1. Structures of the repeat units and abbreviations for the polycarbonates and

polycarbonate analogs.
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Figure 7-2. Structures of the repeat units of partially deuterated polymers used in
proton relaxation studies.

To obtain data at other frequencies and with different geometric orienta-
tions in the repeat unit, !*C spin-lattice relaxation times usually are measured
as well. Only carbons with directly bonded protons are measured because the
relaxation mechanism is usually dipole-dipole relaxation and known carbon -
proton internuclear distances are required {(see Chapter 4). Again, measure-
ments are performed at several frequencies to obtain a data base capable of
supporting an informative analysis. The equation relating the spin-lattice
relaxation time to the spectral density for !'3C is:

T, = Wy +2W, + W, (7-2)
where
Wo = 3 vériih* Joleo)/20r

)]

Wic =3 3:&5h h*) (wo)/40rf
]

W, =3 3;2:2 02, (0,)/10r8
j

W = Wy — Ui, Uy = wy + o

The dynamic information is contained in the spectral densities and differ-
ences among the spectral densities at different points in the repeat unit. In
dilute solution, local chain motions have been divided generally between seg-
mental motions and anisotropic rotation of functional groups.?® Segmental
motions correspond to changes of direction of backbone bonds. These
motions are thought to involve one or several backbone units but not long
portions of the chain. Hall and Helfand’ have developed a correlation func-
tion for segmental motion based on observations made during computer simu-
lations of scgmental motion in polycthylenc. Two subclasses of segmental
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motion are observed. First, there are conformational changes produced by
rotation about a single backbone bond. This process is described by u single
exponential correlation time, t,. The second process is correlated motions
where a second rotation about a backbone bond is observed to follow a lirst
rotation closely in time. The second rotation compensates for distortion of the
backbone produced by the first conformational event. Relaxation caused by
this correlated motion is characterized by a Bessel function of order zero (1)
with a time constant t,. The Bessel function is a standard solution for one-
dimensional diffusion problems.’® The complete Hall-Helfand corrclation
function is written:

() = exp (—1/7o) exp (— /7)1 (t/7y) (7-3)
which may be Fourier transformed to yicld the spectral density:
Jw) = 2{[(rg Arg ' + 2171 — 0] + [21e " + 17 ]2} 14
x cos {1/2 arctan 2(t5 " + 17 Da/[z5 H1g ! + 217 1) — w?]} (7-4)

For consideration of substituent groups attached to the backbone, the Hall-
Helfand correlation function may be combined with anisotropic internal rota-
tion, as originally described by Woessner’’ under the assumption of
independence of the two motions. The correlation time for internal rotation of
the substituent group is t;, and the geometry of the motion is characterized by
the angle A between the axis of internal rotation and the internuclear inter-
action. The complete spectral density for segmental motion and internal rota-
tion of functional groups is:

J(w) = Al (14, Ty, @) + Bly(tpg. T, @) + Cl (10, Ty, ) (7-5)
where
A =(3cos? A—1)}4
B = 3 (sin? 2A)/4
C =3 (sin* A)/4
For stochastic diffusion:
Too =15 + 1!
To' =t +(1,/47"
For a threefold jump:
Too =To =Tg' +1T;'

The form of J,, J,,, and I, is the same as in Eq. (7-4) with t, rcplaced by 1,,
Tpo» Teo» fESPECtively.

The results of proton and '2C spin-lattice relaxation studies on poly-
carbonates can be summarized in terms of correlation times for segmental
motion, methyl group rotation, and phenylene group rotation.!”-2:3%:3% The
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time scale of each motion can be separated from the others based on repeat
unit structure and the orientation of the dipole-dipole interactions in the
repeat unit. A complete discussion of the analysis is presented in the original
work.!” Becausc measurements are made as a function of temperature, the
temperature dependence of the correlation times is usually expressed in terms
of the Arrhenius equation. Table 7-1 lists the activation energies and pre-
factors for the polycarbonates shown in Figure 7-1.

The uncertainty in the activation energies is usually about 5 kJ:mol,
although the measurements made in the solvent C,D,Cl, are more accurate
than the measurements made in CDCl;. A larger frequency base was
employed in the C,D,Cl, study, as well as partially deuterated forms to
reduce cross relaxation. Also, the CDCl; studies were interpreted with an
earlier segmental motion model and the outcome of that analysis has been
approximately converted to the Hall-Helfand approach using a published con-
version factor.3°

In solution, BPA is found to be a rather mobile chain, especially considering
the complexity of the repeat unit. Segmental motion is dominated by coopera-
tive backbone motions as opposed to single backbone bond reorientations.**
Phenylene group rotation is rapid and rather similar to the cooperative back-
bone motions in time scale. This similarity persists as concentration is raised
from 5 to 30%. Methyl group rotation is also facile. although it is not coin-
cident with the time scale of cooperative segmental motion or phenylenc
group motion as concentration is raised from 5 to 30%.

The chloral polycarbonate is very similar to BPA polycarbonate in all
regards®® except that it contains no methyl group. The polyformal, structur-
ally analogous to the chloral polycarbonate, has similar phenylene group rota-
tion, although segmental motions are different.?' In polyformal. the
cooperative segmental motions dominate at high temperatures and the single
backbone reorientations dominate at low temperatures.

The last two polycarbonates listed, Ci,F, and Cl,, are rather different. Seg-
mental motion is somewhat slower in these two polymers but phenylene group
rotation is reduced greatly. Because of the limited data base. the phenylene
group rotation was modeled as slow, complete anisotropic rotation, which
yields low apparent activation energies and large Arrhenius prefactors. A more
complete study and simulation might well have shown the motion to be
restricted anisotropic diffusion or, in other words, an incomplete anistropic
rotation. In any case phenylene group motion is either reduced in amplitude
or slower than in the other three polymers because rather little additional
motion beyond segmental motion is indicated by the '*C T,s.

This changc in phenylene group motion was linked empirically to the low-
temperature or y dynamic mechanical loss peak. The first three polymers all
have similar dynamic mechanical spectra below the glass transition, dominat-
ed by the presence of a substantial loss peak near 173 K. All three of these
polymers also have comparable phenylene group rotation in solution. In the
last two polymers, the y relaxation peak is shifted to much higher tem-
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peratures and the phenylene group rotation in solution is reduced or restricted
greatly. These empirical correlations were noted and phenylene group rotation
was linked phenomenologically to the low-temperature loss peak.

These dilute solution studies on BPA show the intramolecular barriers to
motion to be quite low: 15-25 kJ. Theoretical calculations on an isolated BPA
chain also indicate very low barriers for local chain motions.?233:3® For
instance, rotation about the backbone CQO bonds is found to be 10 kJ by one
investigator®® and 12 kJ by another.3?-** Somewhat higher values would be
found in solution because the effects of solvent viscosity are added to the intra-
molecular barrier.

Bulk Relaxation Measurements

Solution studies and theoretical calculations show conformational changes
to be easy in isolated polycarbonate chains. Also, some correlation between
phenylene group motion and the low-temperature loss peak is indicated.
However, direct measurement of relaxation in the bulk polymer is the best
way to delineate further the nature of the motions below the glass transition.

Spin-lattice relaxation times can be used to set the time scale of the motion
in the bulk polymer. McCall determined the proton T, and T,, on BPA poly-
carbonate, but the observed relaxation behavior is dominated by the methyl
protons and methyl group rotation.!? To determine motion at the phenylene
group, proton relaxation times were measured on the chloral polycarbonate®
shown in Figure 7-1. The dynamic mechanical spectrum?®? and the solution
relaxation results show this polymer to be quite similar to BPA poly-
carbonate.’® Because it contains only phenylene protons, the proton relax-
ation times will reflect phenylene group motion. Either phenylene group
rotation or translation modulates intermolecular dipole~dipole interactions to
produce relaxation. Figure 7-3 shows the proton T, at 20 and 90 MHz as well
as the T,, at 43 kHz.

The relaxation measurements at all three frequencies show the presence of
one broad, asymmetrical minimum. The T,, data as a function of temperature
show the shape of the minimum best and ail these data can be fitted with a
correlation function in a fashion similar to the solution data. The proton T,s
have the same functional form as shown in Eq. (7-1); in solids, however, it is
traditional to write the equation in terms of the second moment, S:

/T, = (2/3)y*S[ ({wy) + 4),2wy)] (7-6)

The proton T,, can be written in a similar fashion, but here the relaxation
depends on the spectral density at the frequency corresponding to the strength
of the radiofrequency field, w, , as well as the Larmor frcquency, my,:

/T, = Q2/3Ww?S[1.51,2w,) + 2.5 ,(wy) + J,(2wy)] (7-7)

As before, the spectral density is the Fourier transform of the correlation
function, which should reflect the nature of the local motion in the bulk

.
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Figure 7-3. Proton spin-lattice relaxation time and spin-lattice relaxation time in the
rotating frame versus inverse temperature for chloral polycarbonate. The solid line
corresponds to a fit of the relaxation data with a Williams-Watts-Ngai (ractional expo-
nential correlation function. Abscissa is in K~'. (Reprinted with permission from
Jones, A. A.; O'Gara, J. F.; Inglefield, P. T.; Bendler, J. T.; Yee, A. F.; Ngai, K. L.
Macromolecules 1983, 16, 658. Copyright 1983, American Chemical Society.)

polymer. Correlation functions of the type used in solution based on segmen-
tal motion and anisotropic rotation of functional groups do not account for
the data in Figure 7-3.% A variety of corrclation functions was tested, but the
only successful one was the Williams-Watts fractional exponential,!’ com-
monly written:

Gunlt) = $(0) exp [—(t/1,.)] (7-8)
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Ngai®!® has proposed an explanation of the occurrence of this function in
glassy materials and writes the correlation function in the form:

Dlthesm = PO exp l:‘“/T,,)l "] (7-9)

where 0 < n < 1 and the loss peak frequency is located at w, x 1, ', where

»

tp = [(1 — MeEr,] "

The model yielding this correlation function is based on a correlated states
model; hence the subscript CSM. The symbol u designates Euler’s constant
(0.5722). The two key parameters used to fit the data are r, and n. As just
shown, 7, is a function of n, the cutoff energy, E.. and the microscopic correla-
tion time, 7, . This correlation cannot be determined from a fit of the data but
the activation energy for the microscopic process, E, . can be determincd for
the apparent activation energy, EX, according to the equation:

EX=E. (1 —n) (7-10)
In practice one writes the correlation time 7, in an Arrhenius form:
1, = 1% exp (EX/RT) (7-11h)
where
% = [(1 — n) exp (nu)Elz 1" ™

The parameters EX, %, and n are varied to fit the data as a function of
temperature. Figure 7-3 shows the fit of the CSM model to the T, and T,,
data using the parameters E, = 10 kJ, n = 0.8, and t* =229 x 10 "% s. The
activation energy, E,, corresponds to the barrier encountered in the isolated
chain and is comparable to the barriers calculated for simple rotations.32:33-38
The apparent activation energy E} is much higher and reflects the contribu-
tion to the barrier height from intermolecular interactions encountered in the
glass. The parameter n controls the effective width of the relaxation process
and accounts for the breadth and asymmetry of the T, and T,, minima. The
parameter n also relates E, and E} as written in Eq. (7-10) above.

The fit of the data argues for the utility of the fractional exponential correla-
tion function but it is also worth noting the realistic value obtained for E,.
Also, the correlated states model rationalizes the physically unrealistic value
obtained for t¥% because it is not simply an Arrhenius prefactor but a com-
bination of several parameters.

Recently a comparable proton-relaxation study has been completed on a
partially deuterated form of BPA where the methyl protons have been
replaced with deuterons.*® This system will reflect phenylene group motion
just as chloral did, and, indeed, rather similar T, and T,, data were obtained.
With a summary of the time scale of the motion containcd in the Williams-
Watts-Ngai correlation function it becomes quite interesting to consider the
geometry of the motion.
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First it is important to consider the '*C T,, reported for BPA poly-
carbonate.! Although these relaxation times can be written in terms of the
spectral density just as the proton times, the T,, decay curves cannot be char-
L acterized by a single time constant. The decay curves reflect the presence of at
least two time constants and possibly morc. In addition. there may be some
spin-spin contributions to the decay curves as well.'®2° The net clicct of these
complications is enough to discourage quantitative data fitting comparable to
the proton interpretation. The '*C T, s indicate the presence of considerable
local chain motion in agreement with the proton interpretation and with
approximately the same time scale. Howevsr, the '3C data may reflect an
inhomogeneous distribution of correlation times,?¢ yielding the observed T,,
dispersions, whereas spin diffusion equalizes the proton relaxation data, yield-
ing a single relaxation time. Another source of the dispersion may be aniso-
tropic motion leading to relaxation dependent on orientation in a glass. In any
case, an analysis of the ‘3C relaxation data in terms of a correlation function is
not yet in hand.

Solid-State Lineshape Studies

Proton lineshape measurements provided the first direct information on the
geometry of the motion of the phenylene group. To obtain significant informa-
tion, the chloral polycarbonate was selected for the first proton lineshape
study because it contains only one type of proton, phenylene protons.® There-
fore this system contains geometrically significant information, whereas most
proton spectra of polymers consist of overlapping resonances of several chemi-
cal types of protons with little chance of extracting information.

Figure 7-4 shows several proton spectra observed as a function of tem-
perature for the chloral polycarbonate as well as a frozen solution of the
chloral polycarbonate. At low temperatures, the spectra are featureless bell-
shaped curves with no obvious information content. At about 193 K, the line
narrows and at a temperature of 273 K the lineshape becomes that of a Pake
doublet with substantial broadening. The splitting of the Pake doublet is 2.5 G
which corresponds to a proton-proton iniernuclear distance of 2.6 A. The only
intramolecular interaction comparable to this is between the 2 and 3 protons
on the phenylene ring.

As temperature is raised from 273 K up to the glass transition, the line
continues to narrow gradually but the Pake doublet persists with an
undiminished splitting. These observations have significant implications for
the motions of the phenylene group in polycarbonates. The substantial line
narrowing shown in Figure 7-5 in terms of the decrease of the second moment
of the proton lineshape as the temperature is raised is indicative of the pre-
sence of considerable motion in the giassy polymer. This point has been gencr-
ally recognized. However, the observation of the Pake doublet and the
persistence of the doublet up to the glass transition greatly restricts the
motions that may be proposed for the phenylene group. The intcraction
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TR

between the 2,3 protons of the phenylene group is parallel to the C,C, axis of
the phenylenc group. This axis must not be reoricnted substantially if the Pake
doublet persists as temperature is raised. Considcrable motion of the pheny-

lene group must be present because intermolecular dipole-dipole interactions

between phenylene groups are averaged. The only intramolccular motion con-
sistent with averaging of intermolecular interactions while preserving the Puke
doublet is rotation or rotational oscillation about the C,C, axis of the pheny-
lene group. While proton NMR is most effective at locating the axis about
which motion must be occurring, it cannot identify the exact nature of the

/ | 1GAUSS \\
/ ‘
s

313K

373K

153K
{SOLUTION)

Figure 7-4. Solid-state proton lineshapes as a function of temperature for chloral poly-
carbonate. The bottom spectrum is for a 1S wt% frozen solution of the polymer in
C,D,Cl,. (Reprinted with permission from Inglefield. P. T.; Jones, A. A.. Lubianez, R.
P.; O'Gara, J. F. Macromolecules 1981, /4, 288. Copyright 1981, American Chemical
Society.)
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Figure 7-5. Proton second moment versus temperature for the chloral polycarbonate.
The solid line is a fit of the second moment data using the same parameters used to
account for spin-lattice relaxation shown in Figure 7-3. (Reprinted with permission
from Jones, A. A.; O'Gara, J. F.; Inglefield, P. T.; Bendler, J. T.. Yee, A. F.; Ngai, K. L.
Macromolecules 1983, 16, 658. Copyright 1983, American Chemical Society.)

motion about the axis because the motion does not affect the predominant
intramolecular interaction contributing to the proton lineshape.

The change in proton second moment, S, from the rigid lattice value, S .
can be written in terms of the spectral density just as the spin-lattice relax-
ation time was earlier [Eq. (7-6)].°

+ 8y
S/Spr=a+m J Jo(v) dv {7-12)

8
Here, a and m are constants and the integration is carried out over the fre-
quency range of the absorption line. Because a correlation function has
already been developed to characterize the time scale of motions contributing
to T, and T,,, this same correlation function can be employed to predict the
change in proton second moment. Figure 7-5 shows this prediction, which
leads to an adequate interpretation of the second moment without further

adjustment of the parameters used in the Williams-Watts-Ngai correlation
function.
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Although the axis of motion is clcar from the proton lineshape. the nature of
the motion about this axis is not apparent. Possibilities include free rotation,
restricted rotation, or jumps between distinct minima. To distinguish between
these possibilities additional lineshape studies were performed. The first report
came from Spicss® and employed deuterium spectroscopy. Phenylene protons
were replaced with deuterons in BPA and deuterium wide-line spectra were
reported at room temperature and at 380 K. The spectra were simulated by
the combination of two motions: jumps between two minima separated by
180° and restricted rotation over an rms angular amplitude of + 15  at room
temperature. The jumps between two minima separated by 180 are referred to
as n flips and the presence of this motion initially was disputed. Because the
deuterium quadrupolar interaction is axially symmetrical, the high-
temperature spectra given by Spiess could be simulated fairly well by large-
amplitude restricted rotation.

A second lineshape approach confirmed the motion as n flips and removed
the possibility of large-amplitude oscillation as the only motion.2:3' A '3C
labeled BPA polycarbonate was prepared as shown in Figure 7-6 with 904 of

CH, o
; | * [
=Bt
|,

3

Figure 7-6. Structure of the '*C-labeled repeat unit for BPA polycarbonate. The aster-
isks indicate the position labeled to a level of more than 90%.

the carbons in the aromatic ring at the position ortho to the carbonate
replaced with '3C. Carbon-13 spectra were then taken under conditions of
cross polarization and dipolar decoupling. The resulting spectra are shown in
the low- and high-temperature limit in Figure 7-7. There is a pronounced
change in the lineshape as temperature is raised from 113 to 393 K. Also the
low-temperature lineshape shows the classical asymmetric chemical shift
anisotropy pattern (see Figure 2-2C). This pattern can be fit with the Bloem-
bergen and Rowland*! equation:

+ oy

l(o; 041, 022, 033, A0) = J 1% — ¢ 011, 033, 033)F d¢G (7-13)

- M
For 63y < 0 < 0;;:

1%0; 0.y, 633, 033) = 1 'K(x)a,, — 6) "oy, — 04y OF
and

X =(0,, — 0,00 — a33)/{{o2; — ay3)l0y, — 0}]
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Foro,, <o <0,

190 44, G232, 033) = 1 'K(x)0 — 033) " Moy, —05y) *F

and
X = (0, — )03, — 033)i{(6 — a3, — 013)]
For ¢ < 0,,,and ¢ = 03,
1%0; 6,1, 632, 033) =0

to yield the three values of the shielding tensor in the principal axis system.
In all cases

/2
K(x) = J (1 = x?sin? W)~ "2 d¥

F = f{g; Ao} = 1/[1 + (20/A0)*]

where F describes the Lorentzian line broadening of the chemical-shift disper-
sion, 1°.

The principal shiclding valucs are o,, =17+ 1, 0,, =52+ 1, and a,, =
175 + 1 ppm relative to liquid CS, scale. Positive values are upficld in the
direction of increasing shielding. In the principal axis system, the shielding
interaction usually is written as a diagonal tensor.

g, 0 0
G123 = 022 O (7-14)
0 0 o;,

To consider the effects of motion, it is necessary to transform the shielding
tensor in the principal axis system to the axis system of the molecular motion.
For the case at hand, the shielding tensor can be transformed to the new
coordinate system by a rotation matrix R defined by a set of Euler angles x, 3,
and y using the convention of Rose.*> The angle a is a rotation about the
original z axis, # is about the new y axis, and y is about the final z axis.

cos a cos f cos y sinxcos fcosy —sinficosy
— sin a sin y 4+ cOs 2 sin ¥y
R(afy) =] —cos a cos fsiny —sin x cos B siny sin Bsiny | {7-15)
— sin a cos y + COS a cos ¥
cos a sin 8 sin x sin 3 cos f}

The effects of motion on the shielding tensor in the motional axis system are
analogous to chemical exchange. Because the chemical shift experienced by a
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13C nucleus depends on the orientation of the phenylenc group relative to the
ficld, as the oricntation is exchanged by molccular motion so is the chemical
shift. The main complicating factor is the superposition of all chemical shifts
for all orientations corresponding to a powder lineshape.

The simplest casc to deal with is rapid chemical exchange, which is achicved
at high temperatures. For the data taken on labeled BPA at 22.6 MHz, the
high-temperature limit for = flips is achieved at about room temperature. The
chemical-shift anisotropy (CSA) pattern observed at these temperatures can be
simulated by an approach outlined by Slotfeldt-Ellingsen and Resing.?® Here
the x axis of the molecular motion is chosen to be coincident with the C,C,
axis of the phenylene group and the shielding tensor is transformed to this axis
system by using a rotation matrix R(J) as follows:

“xyz = R((S) ) "123 ' R(a)_l (7‘16'
where
cosd —siné 0
R(6) =] siné coséd 0
0 0 1

and § is the angle between x and y axes of the motion system and the x and y
axes of the principal shielding system. With the shielding tensor in the molecu-
lar motional axis system, various possible motions about the C,C, axis can be
modeled. Rotating the molecule about the x axis by an angle x can be defined
as follows:

cxyz(“) = R(“) * Oz R(“)_l (7-17)
where
1 0 0
Ray=]0 cosx —singa
0 sin 2 cos «

Using this approach, jumps between various minima can be modeled by
averaging the shift experienced in each of the minima. For = flips. the shielding
is averaged over two values separated by a 180° rotation about the x axis
(a = 180°).

°'I‘Iip = (l/z)taxyz + cxyz(a)] (7'l8)
Another possible type of motion about the x axis is rapid rotation through

all angular positions in a specified angular range. This can be modeled by
averaging over a in the equation:

<clyz>: = <R(1) : o;,; : R(ﬁ)_ l>: (7'19’
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The preceding average depends on the potential function and if one assumes a
square well with walls at +2/2 and —«/2, then the average shift is:

+a/2 +aj2
{Oyy2a =J R(a) - a,, - R(z) "' dx / f dx (7-20)

-a/2 -2/2

These examples are only a few of the possibilities. Calculated chemical-shift
anisotropy lineshapes are compared with the observed high-temperature limit
in Figure 7-7. Neither the z-flip lineshape nor restricted rotation can simulate
the shape individually. The n-flip lineshape has the correct general shape but is
too broad. The restricted rotation lineshape does not even approximately
match the observed shape when the angular amplitude is made large, so this
possibility may be ruled out. Another arbitrary axis inclined at 70° to the
C,C, yields a lineshape close to the observed but this choice of axis is incon-
sistent with the solid-state proton spectrum of BPA-d, shown in Figure 7-8. A
reasonably good simulation of the observed lineshape at high temperatures
can be obtained by combining n flips with restricted rotation over a modest

9.1718

8.1378

2.1031

9.0687 —

0.0344—

.0000 —— — r
.40 -30 <20 -10

kHz

Figure 7-8. Proton dipolar lineshapes of BPA-d, in perdeutero-BPA. The points rep-
resent experimental data and the line the theoretical simulations in the high-
temperature limit simulation. The lineshape consists of a Pake doublet plus a sharp line
from a small percentage of protons remaining in deuterated sites. (Reprinted with per-
mission from Inglefield, P. T.; Amici, R. M.; O'Gara, J. F.; Hung. C.-C.; Jones, A. A.
Macromolecules 1983, 16, 1552. Copyright 1983, American Chemical Society.)
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angular amplitude. The simulated spectrum for a restricted rotation over a
range of +36" in addition to = flips yiclds a lineshape comparable to the
observed lineshape at 393 K.

The proton and '3C lineshape data in conjunction with the deuterium line-
shape results specify the nature of the geometry of the motion of the phenylene
group. Carbon-proton dipolar rotational spin-echo lineshape experiments (a
technique discussed in Chapters 2 and 3) are also consistent with the = flips
and limited restricted rotation.*® With the geometry of the motion determined
by comparing the spectra in low-temperature and high-temperature limits, the
rates and amplitudes of the motions can then be considered.

If the rate of motion is comparable to the frequency width of the lineshape,
a more elaborate simulation procedure must be undertaken. Equations are
available for multiple site exchange, leading to the collapse of CSA line-
shape.* The general lineshape equation for N sites is:

glw) = (I/NXL/A1 — KL)) (7-21
where
N
=1
T,; = the spin-spin reclaxation time, K =z ™' = exchange or flipping ratc,

N = number of sites, and w, = frequency of site j:

Wy = iy + (033 — 01,)[Py(cos B)Py(cos 6)

+ (3/4) sin? 0 sin? B cos? (¢ + y) — 3 sin 6 cos O sin B cos B cos (¢ + )]

+ [0y — 63,)/2](sin? 8 cos* B cos [2(¢ + 7 + )]

+ sin? @ sin* B cos [2(¢ + y — a)] + sin @ cos 8 sin

x {(cos B*') cos (¢ + v + 2a) + (cos B~ ") cos (¢ + y + 2a)}

+ P,(cos 6) sin? g cos (2a)]
Other terms in the equation are the Legendre polynomial, P,; the Euler angles
of the flip axis with respect to the principal axis system of the shift tensor,
(a, B, 7); and the Euler angles of the magnetic field with respect to the flip axis,
(0, ¢). For an NMR lineshape, I(w), the real part of g(w) is required. The pre-

ceding formulation is for a single orientation with respect to the magnetic field
and an average over all orientations must be taken:

~

Q) = J dOQPQ)l(w, Q) (7-22)

where P(Q) = (1/4n) and dQ = sin @ dd d¢. Very suitable computer programs
for these lineshape simulations as a function of rate are given in the Ph.D.
thesis of Wemmer 44
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While the n-flip process is simulated as a specific example of the general
N-site exchange, the restricted rotation is simulated not with a temperature-
dependent rate but with a temperature-dependent amplitude. At temperatures
above 293 K, the n-flip process is in the rapid limit and all further narrowing
is attributed to an increasc in an amplitude of the restricted rotation. The root
mean square of the amplitude of the restricted rotation is found to be linear
versus the square root of temperature above 293 K. This linear dependence is
assumed for lower temperatures as well, which allows for a complete simula-
tion of the spectra at all temperatures as a result of both motions. The ampli-
tudes of the restricted rotation as a function of temperature are summarized in
Figure 7-9 and the comparable = flip rate information in Figure 7-10. The
experimental spectra are shown in Figure 7-11 and comparisons between the
simulations and the experimental spectra are shown in Figure 7-12.

An apparent activation energy can be calculated from the temperature

RO~
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Figure 7-9. Root-mean-square amplitude of restricted phenylene group rotation about
the C,C, axis versus temperature to the one half power. The rms amplitude is detet-
mined from simulating the '3C CSA lineshape. (Reprinted with permission from
O’Gara, J. F.; Jones, A. A.; Hung, C.-C.; Inglefield, P. T. Macromolecules 1985, I8,
1117. Copyright 1985, American Chemical Society.)
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dependence of the r-flip rate. The rather low value of 11 + 5 kJ is found that is
not consistent with the apparent activation energy of 50 kJ determined from
proton spin-lattice relaxation data. The discrepancy reflects the use of an
exponential correlation function for the simulation of the CSA spectra,
whereas a highly nonexponential correlation function was used in the simula-
tion of the T, and T,, data. The lineshape data can be simulated fairly well
with: a single exponential correlation function because only a limited range of
frequencies near | kHz is sampled and the temperature dependence of = flips
can be observed only from 183 to 273 K. On the other hand. the T, and T,
data extended from 90 MHz to 43 kHz and the temperature dependence could
be determined from 153 to 393 K.

One other set of relevant lineshape data is available on the BPA unit in an
epoxy resin.?® The spectroscopic technique employed was variable-
temperature '>C magic angle sample spinning. At low temperatures, the proto-
nated phenylene carbon lines become doublets reflecting two slightly different
chemical environments. As temperature is raised the high-resolution lines
obtained under these experimental conditions collapse to the single sharp line
usually observed near room temperature. The two lines for a single type of
carbon present at low temperature are attributed to two rotational conforma-
tions of the phenylene ring although at the time of the report it was not clear
that the process involved was = flips. A correlation function was uscd to inter-
pret the spectral collapse. In this casc, as for the proton-relaxation data, a
Williams-Watts-Ngai fractional exponential correlation function was
employed with a correlation time, apparent activation energy. and fractional
exponent comparable to the values used in the chloral polycarbonate interpre-
tation. (See Chapter 3.)
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Figure 7-10. The natural logarithm of the n-flip rate versus inverse temperature. The
n-flip rate is determined from simulation of the '3C CSA lineshape. Abscissa is in K ™'
(Reprinted with permission from O'Gara, J. F.; Jones, A. A.; Hung, C.-C.; Inglefield, P.
T. Macromolecules 1988, 18, 1117. Copyright 1985, American Chemical Society.)
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Figure 7-11. Carbon-13 CSA lineshapes at several temperatures. (Reprinted with per-
mission from O'Gara, J. F.; Jones, A. A.; Hung, C.-C.; Inglefield, P. T. Macromolecules
198S, /8, 1117. Copyright 1985, American Chemical Society.)

Carbon-13 chemical-shift anisotropy lineshape spectra are also available on
the carbonate unit in BPA polycarbonate.2® These spectra were obtained by
Henrichs on a labeled sample under conditions comparable to the phenylene
labeled system. The carbonate carbon CSA lineshape is quite broad, about 150
ppm, but shows rather little change with temperature. This result is surprising
because a large dielectric loss is present in BPA polycarbonate, which can only
reflect motion of the carbonate unit. Henrichs interprets the small change in
the CSA tensor to be oscillation of the carbonate unit with an angular ampli-
tude of about 40° at room temperature. The interpretation is not decisive
because the principal axis system of the shielding tensor is not entirely clear in
the carbonate unit and the lineshape change is rather small. However this
information cannot be ignored as a complete dynamic picture of poly-
carbonate is developed.
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Figure 7-12. The lines are simulations of the !3C CSA lineshapes at several tem-

peratures, and the points are taken from the spectra in Figure 7-11. (Reprinted with

permission from O'Gara, 1. F.; Jones, A. A.; Hung, C.-C.; Inglefield, P. T. Macro-

molecules 1985, 18, 1117. Copyright 1985, American Chemical Society.)
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Summary of Polycarbonate Dynamics from NMR

Polycarbonate is intrinsically a very mobile polymer chain in sp..e of a
rather complex repeat unit. In dilute solution, segmental motion, phenylene
group rotation and methyl group rotation are all rapid and have rather low
apparent barriers to surmount. However, cven in dilute solution, scgmental
motion cannot be characterized by a single correlation time, although pheny-
lene group rotation and methyl group rotation can still be treated in the sim-
plest manner. Presently, the best model for segmental motion appears to be
the approach by Hall and Helfand’ based on computer simulations of chain
dynamics in polyethylene.

In the bulk, segmental motion of the type that creates new backbone direc-
tions is present above the glass transition. Below the glass transition, the back-
bone bonds represented by the BPA unit are not reorientated significantly, as
evidenced by the proton spectra. Carbon-13 and deuterium spectroscopy show
phenylene group rotation persists in the glass in the form of n flips and
restricted rotation. Carbon-13 spectroscopy is less definitive with respect to
the motion of the carbonate unit.

Proton-relaxation experiments show the correlation function describing the
motion to be compiex. In the frequency domain, there is significant spectral
density over five decades. The lineshape, time-scale analysis does not rcquire
as complex a corrclation function, although it is not inconsistent with the
presence of it either. The only correlation function found that is capable of
summarizing the relaxation data is the fractional exponential form commonly
referred to as the Williams-Watts function. Justifications of this form have
been offered by Ngai® !° and by Schlesinger and Montroll.43

Relationship Between NMR and Other Dynamical
Methods

Nuclear magnetic resonance has clearly established the geometry of the
phenylene motion in BPA poiycarbonate and proton relaxation yields the cor-
relation function. It is fair to ask whether the motions seen by proton and '3C
spectroscopy are the same and then whether these motions are related to
dynamic mechanical response and dielectric relaxation.

First a relaxation map can be constructed by plotting the logarithm of the
frequencies versus temperature for the T, minima, the T,, minima, the average
coalescence point of '3C lineshape collapse, and maximum point of dynamic
mechanical loss. In Figures 7-13 and 7-14, this plot is seen to be lincar for
chloral polycarbonate and BPA polycarbonate. The line on these plots is
derived from the Williams-Watts-Ngai fit of the proton-relaxation data shown
in Figures 7-3 and 7-5. The conclusion to be drawn is that the NMR data are
linked in time and they are linked to the time scale of the mechanical loss.
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Furthermore, the breadth as well as the position of the mechanical loss peak is
fairly well represented by the correlation function developed from proton-
relaxation data as shown in Figure 7-15.

The frequency-temperature superposition of the NMR data and the
dynamic mechanical loss data raises questions. It is difficult to sec how jumps
of a symmetrical group between two equivalent minima can produce a large
mechanical loss. Also motion of the phenylene group certainly cannot produce
a large dielectric loss nor does it seem likely that the large dielectric loss can
be attributed entirely to carbonate group oscillation. The dynamic mechanical
and dielectric loss pcaks are rather large for such sub-glass transition peaks
and a mechanism reflecting this fact is required.

A motion can be proposed that is consistent with the NMR data and the
presence of large low-temperature loss peaks.*S This proposal is offered in the
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Figure 7-13. Relaxation map for chloral polycarbonate. The three NMR points are
spin-lattice relaxation minima at 90 MHz, 50 MHz, and 43 kHz corresponding to the
data in Figure 7-3. The mechanical datum is the maximum of a dynamic mechanical
loss peak at 1 Hz. The line is a Williams-Watts-Ngai fit based on parametérs deter-
mined from the proton-relaxation data in Figure 7-3. (Reprinted with permission from
Jones, A. A.; O'Gara, J. F.; Ingiefield, P. T.; Bendler, J. T.; Yee, A. F.; Ngai, K. L.
Macromolecules 1983, 16, 658. Copyright 1983, American Chemical Society.)
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Figure 7-14. Relaxation map for BPA polycarbonate. The highest frequency NMR
point is the 90 MHz proton T, minimum. The next highest frequency NMR point is
the 43 kHz T,, minimum. The lowest frequency NMR point is the '*C chemical-shift
anisotropy lineshape. The open cireles are maxima of various dielectric loss curves
taken at different {requencies. The positions of all points have an uncertainty of the
order of 10° because of the breadth of the loss peaks and relaxation minima. (Reprinted
with permission from O'Gara, J. F.; Jones, A. A.; Hung, C.-C.; Inglefield, P. T. Macro-
molecules 198S, 18, 1117. Copyright 1985, American Chemical Society.)

spirit of stimulating further investigation because, although it is consistent
with the data in hand, it is not proved by it. No doubt further experimental
and theoretical tests can be developed to evaluate the proposal.

The basic motion is shown in Figure 7-16 and consists of an interchange of
a cis-trans carbonate conformation with a neighboring trans—trans carbonate
conformation. This is not a simultaneous interchange but a correlated confor-
mational change of the type observed by Helfand’ in computer simulations of
polyethylene chains. The carbonate groups are reoriented by this process but
the BPA groups are not reoriented significantly, although they are translated.
The carbonate groups are thought to be mostly in the trans—trans conforma-
tion, with a smaller number of cis—trans units present. The conformational
interchange diffuses the cis-trans conformation down the chain of largely
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Figure 7-15. Dynamic mechanical spectrum for chloral polycarbonate. The dashed line
is the simulation employing the Williams-Watts-Ngai fractional exponential with the
parameters set from the proton relaxation data and fit shown in Figure 7-3. (Reprinted
with permission from Jones, A. A.; O'Gara, J. F.; Inglefield, P. T.; Bendler, J. T.. Yee,
A. F.; Ngai, K. L. Macromolecules 1983, 16, 658. Copyright 1983, Amcrican Chemical
Society.)

trans-trans units. As this diffusional process occurs, BPA units are translated.
The occurrence of = flips is coupled to this motion through intramolecular or
intermolecular interactions. The presence of mobile phenylene groups may
make the barrier to conformational interchange smaller by providing some
fluctuations in the surrounding glassy matrix and vice versa.

The proposed motion is in agreement with NMR data because the BPA
unit is not reoriented significantly although the phenylene groups undergo n
flips and oscillation about the C,C, axis, which corresponds to a virtual back-
bone bond direction. The proton lineshape data show these virtual backbone
bonds do not change direction whereas the !3C and deuterium results show n
flips and oscillation about the C,C, axis. The '3C carbonate lineshape may
not show significant changes because of coincidental geometric relationships
or because most of the carbonate units are trans-trans and a minority are
cis-trans, so interchange produces an average shape not greatly different from
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the trans-trans casc. In the proposed model, the shear dynamic mechanical
loss and the dielectric loss result from the reorientation of the carbonate
group. A larger bulk mechanical loss results from the translation of the larger
BPA unit during the conformational interchange. The translation produces
volume fluctuations between chains. The bulk loss, shear loss, and diclectric
loss are all coincident in time because the same cooperative motion is
involved. The = flips are linked in time because they are controlled by the
fluctuations in the glassy environment. The correlation function describing this
motion is complex because the motion is a segmental rearrangement and also
because of the strong intermolecular interactions in the glass. A complex cor-
relation function would lead to broad loss peaks and relaxation minima. This
segmental motion is different from the segmental motions of the glass tran-
sition because it creates no new backbone bond directions but merely inter-
changes carbonate group conformations. Because the proposed motion is a
segmental motion, albeit not as general as those of the glass transition, large
dielectric and mechanical loss peaks may result. The phenylene group and the
rest of the chain undergo oscillations reflecting the general flexibility of this
polymer but these oscillations do not produce the large loss peaks. The
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Figure 7-16. BPA polycarbonate chains and the local motion corresponding to the loss
maxima and relaxation minima in the glass. The carbonate CO bonds with asterisks
indicate points of bond rotation. The phenylene rings undergoing flips in association
with the CO bond rotations are numbered. The correlated conformational change from
the top chain to the lower chain involves two neighboring carbonate groups and is
produced by the CO bond rotations which interchange the trans-trans and cis-trans
conformations. Conventional bond angles of 109° are used for all backbone bonds
except the carbonate bonds, which are set at 120°. These choices lead to an 11° change
in the C,C, axis of the phenylene groups in the BPA unit between the carbonate unit
undergoing conformational change. (Reprinted with permission from Jones., A. A.
Macromolecules 1988, 18, 902. Copyright 1985, American Chemical Society.)




W

l 280 ALAN A. JONES
] gencral fiexibility of polycarbonate may lower the transition state during the
] conformational interchange, thus playing an important secondary role.

This dynamic model came out of the new information provided by NMR
and the picture of segmental motion developed by Hall and Helfand.” The
model agrees quantitatively with the phenylene group NMR data and is at
lcast consistent with other dynamic information on polycarbonate. Quantitat-
ive estimates of the magnitude of the dielectric and mechanical loss peaks
based on this proposal would be helpful in evaluating it but represent substan-
tial projects in themselves. In any case, NMR spectroscopy has interjected new
ideas into the discussion of motion in polycarbonate.
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MOLECULAR MOTION IN GLASSY POLYCARBONATE

Alan Anthony Jones, Paul T. Inglefield, J.F. 0'Gara and A.K. Roy
' Jeppson Laboratory, Department of Chemistry
Clark University, Worcester, MA 10610

Motion in polymeric glasses 1s greatly reduced both in amplitude
and rate relative to either the rubbery or dissolved state.l In rub-
bers and solutions of random coil macromolecules, the backbone bonds
sample nearly all directions in space over relatively short times,
certainly less than microseconds. In the glass or near the glass
transition, backbone bonds do not reorient isotropically even on the
time scale of seconds but the presence of considerable local mections
s still evident in mechanical and dielectric relaxation studies.!

The polycarbonate of bisphenol A (BPA-PC) pictured In Figure 1 dis-
plays especially large dielectric and mechanical loss peaks well below
the glass transition. Mobility in this glass exceeds the norm for
polymeric materials and this fact has attracted many investigators.
One would like to characterize the time scale, energetics and geometry
of the motion. Dielectric and dynamic mechanical relaxation measure-
ments yield broad loss peaks with an apparent activation energy of
about 50 kJ/mole.2~3 Considerable speculation concerning the geometry
of the motions responsible for the loss peaks accompanied the dielec~
tric and mechanical studies.Z However these techniques are not capa-
ble of determining this aspect of motion relative to the structure of
the repeat unit of the polymer.

Geometry of Motion from Solid State NMR

In the past five years, solid gstate NMR has been able to deter-
mine the geometry of motion relative to the chemifcal structure of the
macromolecule.4~10 Large magnetic interactions such as dipolar,
shielding and quadrupolar lead to distinctive line shapes when the
motion is restricted or anisotropic. Since these magnetic interac-~
tions can be precisely related to the local structure, the presence of

motion can be be set into the context of the repeat unit geometry.
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Figure 1. The repeat unit of the polycarbonate of bisphenol A
(BPA-PC).

This advance has provided detailed information on local motion in
glasses but in the end raises new questions as it answers the old.

The first indication of the geometry of local motion in BPA~PC
came from a proton line shape study of a closely related structural
analogue.4 Here the proton-proton dipolar interaction between the
neighboring protons on the phenylene groups is monitored by the pres-
ence of a Pake doublet. This distinctive line shape feature would
collapse if a vector drawn between the two neighboring protons is re-
oriented by the onset of local motion. The Pake doublet persists in
an undiminished form until the glass transition indicating no reorien-
tation of the proton—proton internuclear direction. This direction is
parallel to the effective backbone bond consisting of the phenylene
group indicating that this virtual bond is not reoriented.

Proton spin-lattice relaxation in the same polymer shows the
presence of considerable rapid, large amplitude motion.ll If the phe-
nylene protons are moving yet the corresponding backbone bond is not
reorienting, the motion must be a rotation about that backbone bond.
In chemists' parlance, the rotatfon would be about the C;C; axis where
C; is the phenylene carbon attached to the oxygen and C; is the phe-

nylene carbon furthest from C.




This defines one aspect of the motion but the rotation needs fur-

ther specification. 1Is it free rotation about the CyC; axis or rota-
tion by jumps between minima or a restricted rotation-libration? The
first answer came from deuterium quadrupole line shape NMRS which in-
dicated it was jumps between two minima separated by 180° plus re-~
stricted rotation in the bottom of each of the two minima. This re-
sult was substantiated by carbon-13 chemical shift anisotropy line
shape results which can definitely distinguish between the three pos-
sibilities mentioned.® Carbon-13 proton dipolar line shapes are also
consistent with the 180° jump or n flips plus restricted rotation.?
These NMR experiments provide a description of the geometry of phenyl-
ene group motion not available from any other technique.

Both deuterium and carbon-13 proton dipolar9

line shape studies
on the methyl group of BPA show this entity to be rotating about the
three fold symmetry axis. The motion is independent of phenylene
group flips. Also the methyl group line shapes show the presence of
at best only a little wiggling besides the rotation about the symmetry
axis. Thus the bisphenol=-A unit including the two phenylene groups,
the two methyl carbons and the bridge carbon is not moving as a whole.
The phenylene groups move in a two fold potential about their symmetry
axis and the methyl groups move in a three fold potential about their
symmetry axis. 0

The motion of the carbonate unit, -0-8-0- remains to be defined.
Here an apparent inconsistency between NMR line shape data and dielec~
tric data arises. Clearly the carbonate unit must be reorienti;g to
account for the presence of the appreciable dielectric loss. However
carbon-13 chemical shift anisotropy line shape datal? on the carbonate
carbon shows the presence of very little motion. This point must be
addressed later in an overall motional model.l3

Time Scale of Local Motion

Motions in polymers are known to have complex character in time
which is quite apparent in the broad, skewed loss peaks usually ob-
served in macromolecular glasses.1 Such broad loss peaks could arise

in at least two different manners.l4 First the motion of a given




polar group at a certain spatial position in the glass could be highly

non-exponential. The motion of other polar groups of the same chemi-

T T T T T U

cal type but at different spatial locations could be moving with a
comparable non-exponential correlation function. This situation is
referred to a homogeneous by NMR spectroscopists.14

h An alternative source of broad loss peaks or relaxation wminima
can be imagined. Suppose an individual polar group at a particular
location in a glass reorients in a Debye like fashion characterized by

a simple exponential correlation function. However other polar groups

at other locations also relay with simple exponential time constants
but the time constants are different.!% The various time constants at
various locations in the glass arise from the inhomogeneous nature of
the glass at a microscopic level. 1In particular different polar
groups at different locations experience different packings or inter-
molecular environments leading to different time scales for reorien-
tation. This situation is referred to as Inhomogeneous and leads to
broad loss peaks just as the earlier homogeneous description.

Mechanical loss, dielectric loss and proton spin-lattice relaxa-
tion cannot distinguish between the origin of the distribution. How—
ever carbon-13 spin-lattice relaxation and the solid state line shape
experiments can distinguish between the two possibilities7:14’15 and
now definitively point to a predominately inhomogeneous distribution
in polycarbonate.

To quantitatively summarize the inhomogeneous distribution of re-
laxation times in polycarbonates, two forms of correlation functions
have been used. Sp1e3316 has employed a log normal distribution which
extends over about three decades in time to account for a variety of
deuterium line shape experiments. An apparent activation energy of
about 40 kJ describes the temperature dependence and some change in
breadth accompanies change in temperature.

Joneslls:13 et al. has employed the fractional exponential corre-
lation function to summarize proton spin-lattice relaxation, carbon-13
spin-lattice relaxation and carbon-13 chemical shift anisotropy line

shape data. A fractional exponent (8) of 0.15 is required to fit the




proton datal3:17 and is consistent with the carbon data. The frac-
tional exponent is determined from the temperature dependence of spin-
lattice relaxation data since insufficient data was available to fix
the exponent at different temperatures. This fixed g was capable of

matching the published deuterium data’ 15

though more detafled results
from this technique are forthcoming.

The Jones group has also presented a quantitative analysis of
the temperature dependence of the amplitude and time scale of the re-
stricted rotation based on a correlation function developed by
Gronski.l3:18 rhe amplitude of the restricted rotation is found to
increase with the square root of temperature which is plausible. How-
ever the amplitude extrapolated to absolute zero is large which is
difficult to interpret. .The time scale of the restricted rotation is
contained in a rotational diffusion constant which varies linearly
with temperature and falls in the range of 10-8s.17 This time scale
18 characteristic of phenylene group libration and is much longer than
infrared vibrational oscillation.

A More Complete Motional Model

An NMR spectroscopist might be tempted to stop with the motional
interpretation developed thus far. This would include methyl group
rotation, phenylene group n flips plus libration and little motion of
the carbonate or the bisphenol unit as a whole. While this view sat~-
isfies the NMR data it is not easily reconciled with the mechanical
and dielectric data. A relaxation map6'11'15 constructed from spin-
lattice relaxation minima, line shape coalescence, dielectric and
mechanical maxima shows these phenomena to be linked phenomenological-
ly in time. Such a map 1s shown Iin Figure 2 but the motions identi-
fied by NMR will not lead to large mechanical or dielectric loss.

The discrepancy between an apparently static carbonate carbon
based on line shape data and the virtual necessity of carbonate reori-
entat{ion for dielectric loss has been mentioned. Similarly, the only
large amplitude motions noted are anisotropic rotations of symmetric
groups, methyl and phenylene; and such motfons do not lead to signifi-~

cant shear loss as is observed.

.,
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Log frequency versus inverse temperature or relaxatfon map.
The highest frequency NMR point is the 90 MHz proton T,
minfmum, the next highest, 43 KHz Ty wminfmum and the low—
est, the average position of CSA line shape coalescence.
The open circles are maxima of dielectric loss curves taken
at different frequencies and the square of the dynamic
mechanical loss peak. The positions of all points have an
assoclated uncertainty of the order of 10 degrees because
of the broadness of loss peaks and relaxation minima.

Given the phenomenological linkage of the various relaxation ex~

periments, the geometry of motion given by NMR, and the need to

account for dielectric and mechanical loss, a motional model is pro-

posed.13 The model is constructed to be consistent with observations

but unfortunately the data in hand do not "prove” the validity of the

model.

The proposed local motion focuses on the conformation of the car-

bonate group. This unit is believed to reside predominantly in the
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trans-trans conformation.l? As part of the motional model, the exis-
tence of a few defect conformations of either cis-trans or trans-cis
forms are proposed. A cis-trans or trans-cis conformation with re-
spect to the carbonate unit is found to be only somewhat higher in

energy from quantum mechanical calculations on diphenyl carbonate.20

Also the barrier for conformational change from cis-trans or trans-cis
is found to be the lowest rotational backbone barrier in polycarbonate
from the same calculations.

The motion proposed is a conformational exchange between a cis~
trans or trans-cis and a neighboring trans-trans unit. This process
is displayed in Figure 3. the pathway of the conformational exchange
1s a sequential set of rotation of the cooperative type suggested by
Helfand.21-24 The carbonate bonds which rotate are indicated by as~-
terisks in Figure 3 and the backbone phenylene groups undergoing rota-
tions are labelled with numbers.

The phenylene groups effectively execute n flips which is consis-
tent with NMR line shape data. However in this motional picture, the
n flips are part of a more complex limited segmental motion. The car-
bonate group changes shape in changing from trans-trans to cis-trans
or trans-cis and the dipole moment should change in magnitude as well
as orientation. These characteristics should lead to mechanical and
dielectric loss linked in time to the n flips.

The carbonate carbon chemical shift anisotropy line shape does
not collapse in the presence of this motion because a large population
of trans-trans conformations is interchanged with a small population
of cis~trans or trans-cls conformations. Even at high temperature,
the average line shape in the rapid exchange limit will be close to
the trans-trans line shape thereby displaying little indication of the
motion. However since defect diffusion is involved, many carbonates
can be reoriented by one defect leading to significant dielectric re~
laxation.

The BPA unit as a whole is not appreciably reoriented during the
conformational interchange save for n flips which is again consistent

with NMR line shape data. The BPA unit is translated which could lead

e



TRANS-TRANS TRANS-TRANS TRANS-CiS TRANS-TRANS

TRANS~TRANS TRANS-CIS TRANS-TRANS TRANS-TRANS .

Figure 3. BPA polycarbonate chains. The top chain fragment is the
initial state and the lower chain fragment is the final
state. The carbonate CO bonds with asterisks indicate
points of bond rotation. The phenylene rings undergoing
flips in association with the CO bond rotations are num-
bered. The correlated conformational change from the top
chain to the lower chain involves two neighboring carbonate
groups and is produced by the CO rotations which inter-
change the trans-trans and trans-cis conformations. Note
that the choice of a trans-cis unit in the figure is arbi-
trary. If a cis~-trans unit were used, the other phenylene
rings would be flipped so over a period of time all rings
could be flipped as the cis-trans and trans-cis conforma~
tions diffuse along the chain.

to a bulk mechanical loss which has been observed in RPA-PC.

The interchange of a few cis-trans or trans-cis conformations

with neighboring trans~trans conformation diffuses the cis~trans or
trans-cis units along the predominantly trans-trans backbone. This

defect diffusion character is related to several experimental observa-
tions. ,!ﬁ




to a bulk mechanical loss which has bheen observed in BPA-PC.

First at high temperatures, all phenylene groups undergo n flips.
If defect diffusion 1s sufficiently rapid on the line shape experiment
time scale, all phenylene groups will appear to flip by either a cis-
trans to trans-trans interchange or a trans-cis to trans-trans inter-
change. However as temperature is lowered in the glass, some carbo-
nate units will no longer be able to participate in the interchange
process because some local environments present too high a barrier.
The phenylene groups near these units will appear rigid while other
phenylene groups near carbonates with lower intermolecular barrier to
conformational interchange will still appear as mobile. This would
lead to the observed inhomogeneous character of the line shape col-
lapse at intermediate temperatures. At quite low temperatures, little
conformational interchange at any carbonate unit would result in the
rigid line shape limit observed below -100°C.

Intermolecular interactions must contribute significantly to bar-
rier heights since the observed activation energy in the glass is
50 kJ/mole. 1In solutions involving low viscosity solvents, the bar-
riers to rotation or segmental motion {s in the range of 10 to 15
kJ/mole in agreement with isolated chain calculations.25-26 Thus the
35 to 40 kJ Increase in apparent activation energy must be ascribed to
intermolecular interactions allowing for the rationalization of the
inhomogeneous character of line shape collapse just presented.

The defect diffusion character of the conformational interchange
process involving a distribution of barrier heights can be identified
with one of the derivations of fractional exponential correlation

functions.2’-

29 If the proposed motional model 1is correct, then the
use of the fractional exponential correlation function is more than a
convenient mathematical form but is also a physically sensible form.
In this motional model, phenylene group libration and methyl
group rotation while present are not key aspects of the dynzaics.
Similarly, the presence of some low amplitude chain oscillatfion or

wiggling is also a secondary aspect.

i



Remaining Questions

The defect conformations have not been directly observed so they
remain as only postulated entities. The defect diffusion character of
the motion may not be the source of the inhomogeneous distribution of
relaxation times. Rather, the distribution of relaxation times may
result from packing differences at individual motional sites. In this
éicture there 1is no diffusion from site to site but each site reori-
ents with its own time scale. 1If this were the case, the fractional
exponential function i{s just a convenient mathematical form and not
connected with a physical derivation.

The defect diffusion conformational interchange process is shown
in Figure 3 for an extended chain conformation. This extended chain
conformation is not likely with other rotational angles placing one
phenylene group out of the plane of the paper with respect to the
other. These rotations will lead to the random coil character appro-
priate for polycarbonate. However whatever the relative disposition
of the phenylene rings in one BPA unit, the interchange of carbonate
conformations can still take place leaving the BPA unit motionless.
Thus the particular conformational sequence shown in Figure 3 is con-
venient to draw but not a requirement of the motional model. A de-
taliled analysis of the action of conformational interchange for other
conformations assoclated with relative rotations of the phenylene
groups in a BPA unit will be pursued with computer graphics.

The analysis of phenylene group libration in the data treatment
and its role in the motional model is simplistic.18 All phenylene
groups are treated as thought they undergo the same librational ampli-
tude. However the librational amplitude is governed by intermolecular
interactions since rotation is found to be four fold or higher from

calculationslo,26

and dilute solution spin-lattice relaxation.25 1If
intermolecular effects dominate, a glassy matrix should lend to a dis-
tribution of libration amplitudes as well as a distribution of barrier
heights. The failure of the line shape simulation to produce a rea-
sonable intercept for the amplitude of libration at absolute zero may

reflect the single amplitude approximation.




Further experimental work and analysis of the consequences of the
motional model are required. At this stage it can be regarded as an
interesting proposal or conjecture which may prompt particular lines
of inquiry.
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A Comparison of Spin Relaxation and Local
Motion Between Symmetrically and
Asymmetrically Ring-substituted Bisphenol
Units in Dissolved Polycarbonates
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Chemistry, College of the Holy Cross, Worcester, Massachusetts and
R. A. RUTOWSK]I, K.-L. LI, ALAN ANTHONY JONES, and
AJOY K. ROY, Department of Chemistry, Clark University,
Worcester, Massachusetts

Synopsis

Carbon-13 and proton spin-lattice relaxation times were measured at two field strengths on
solutions 10% by weight of two polycarbonates in C,D,Cl, from -20 to +120°C. The first
polycarbonate is an asymmetricaily substituted form with one chiorine on one of the two
phenylene aromatic rings of the bisphenol unit, whereas the second polycarhonate is symmetni-
cally subetituted with two chlorines on each of the two rings. The nuclear spin relaxation data are
interpreted in terms of several local motions likely in these polymers. Segmental motion was
described by the Hall-Helfand correlation function. Segmental motion in the monosubstituted
polycarbonate is somewhat slower than in unsubstituted polycarbonate, whereas segmental
motion in the tetrasubstituted polycarbonate is considerably slower. Phenylene ring rotation is
observed in unsubstituted polycarbonate and in the monosubstituted polycarhonate ahove 40°C.
Below 40°C in the monosubstituted species, and at ail temperatures in the tetrasubstituted
species, ring rotation is replaced by ring libration as the predominant motion contributing to spin
lattice relaxation. In addition, the rotational motion of the two types of rings in the asymmetric
monosubstituted form are very similar although not identical. The substituted ring is slightly less
mobile than the unsubstituted, and both rings are substantially less mobile than the rings of
unsubstituted polycarbonate. This indicates a strong coupling of ring motion, althcugh the
coupling leads to less than synchronous motion. Methyl group rotation is present in both
polymers and is little affected by the various structura! modifications.

INTRODUCTION

Both solution'~7 and solid-state®-!® spin relaxation studies on structurally
related polycarbonates have shown the influence of modifications of the
repeat unit on local chain dynamics. In the unsubstituted polycarbonate,
BPA-PC, shown in Figure 1, several local motions occur on a rapid time scale
in solution, including segmental rearrangements of the backbone, phenylene
group rotation, and methyl group rotation.” In the glass, general segmental
motion ceases, phenylene group rotation changes to = flips, and methyl group
rotation continues as jumps between three symmetrically disposed minima.?-15
The = flip process is linked in time scale to the low temperature dynamic
mechanical loss peak.'"!3 '

In the dimethyl ring-substituted polycarbonate,® TMBPA-PC, also shown
in Figure 1, segmental motion is slowed in solution, and rapid phenylene group
rotation essentially ceases. Phenylene group libration continues on a time

Journal of Polymer Science: Part B: Polymer Physics, Vol. 25, 1419-1430 (1987)
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Repeat Unit Abbreviation
CH, o
CRECR
| C)_/ o——c——o  pgpa.PC
cHy
CHy " ch, .
|
"’ (O)p—o—rc—o TMBPA-PC
CHy . crs CH,
Cl Ci
i ﬁ
Q T 0——c—o0 Cl.BPA-PC
C CH, o)
] CH, o
T_/@_°—!°{’—‘° CIBPA-PC
a o

Q
o

Chloral-PC

@_@_/@ /_o_ﬁ__o NB:PC

Fig. 1. Repeat unit structure for bisphenol-A polycarbonate (BPA-PC) and various analogues.

scale sufficiently fast to contribute to spin relaxation, but the motion of the
phenylene group is significantly altered by this structural modification. Methyl
group rotation is little influenced by the introduction of ring substituents,
indicating the lack of coupling of this motion to other local processes.

In this report the dynamics of the two chloronated derivatives displayed in
Figure 1 are considered. One of the polymers is a dichloro ring-substituted
system, Cl,BPA-PC, which is structurally similar to TMBPA-PC; thus a
similarity in dynamics might be expected between these two closely related
repeat units. The second chlorinated polycarbonate is a monochlore - 'ng-sub-
stituted system with substitution on only one of the two rings in the bisphenol
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unit. This is the first report of the local motion in an asymmetrically
substituted polycarbonate.

Several important questions can be raised in the context of the asymmetri-
cally substituted repeat unit. The primary question is the independence versus
interdependence of the rotational motion of the two phenylene rings in a
bisphenol unit. Since only one of the rings is substituted, the motion of that
ring could be quite different from the unsubstituted ring. On the other hand if

. there is sufficient steric interaction across either the isopropylidine group or
the carbonate group, the motion of the unsubstituted phenylene group could
be coupled to the motion of the substituted phenylene group.

The dynamic mechanical spectrum of the asymmetrically substituted
CIBPA-PC shows only one loss peak at 105° above the position of the loss
peak in unsubstituted polycarbonate.'® This result indicates coupling of the
motion of the two phenylene groups, since from the most naive viewpoint the
motion of the two structurally distinct phenylene groups could lead to two
distinct loss peaks. However, the motion contributing to the mechanical loss
could involve either the substituted or the unsubstituted ring alone. If
cooperative character is present, then both rings could be contributing. High-
resolution NMR is a structurally specific technique, and the motion of each
ring can be individually monitored. Thus a clear determination of the relative
intramolecular mobility of the two rings can be directly ascertained in this
solution NMR study.

In C1,BPA-PC the two rings are expected to have equivalent mobility. The
dynamic mechanical spectrum'® shows the low-temperature loss peak associ-
ated with phenylene group rotation to be raised by almost 200° relative to
BPA-PC. Thus a comparison between BPA-PC, CIBPA-PC, and Ci ,BPA-PC
in solution might be expected to indicate a parallel reduction in phenylene
group mobility unless the asymmetry of CIBPA-PC fundamentally alters local
dynamics relative to the two other symmetric forms.

EXPERIMENTAL

High molecular weight samples of Cl,BPA-PC and CIBPA-PC were sup-
plied by General Electric. The structures of the repeat units are shown in
Figure 1 along with the structures for BPA-PC and TMBPA-PC. Solutions of
CIBPA-PC and Cl ,BPA-PC in C,D,Cl, (10 Wt. %) were degassed and sealed
in NMR tubes.

The T, measurements were made using the standard 180°-7-90° inversion
recovery method and are reported with an experimental uncertainty of 10%.
The 22.6 MHz carbon-13 and 90 MHz proton measurements were made on a
Bruker SXP 20/100, and the 62.9 MHz carbon-13 and 250 MHz proton were
made on a Bruker WM-250. For the Bruker SXP 20 /100 the temperature was
regulated to +1 K with a Bruker B-ST 100/700 that was calibrated against a
thermocouple placed in a sample tube. In the case of the WM-250 calibration,
the standard chemical shift technique was employed using ethylene glycol for
high temperatures and methanol for low temperatures.

RESULTS

In general the decay of both proton and carbon- 13 magnetizations followed
a simple exponential dependence on delay time 7. The data were fitted with
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TABLE |
Backbone Methyl Spin-lattice Relaxation Times of Cl ,BPA-PC
and CIBPA-PC (in ms)

'HT,Cl,BPA-PC  'HT,CIBPA-PC  '"CT,Cl,BPA-PC  'C T, CIBPA-PC

T 250 90 250 90 62.9 226 62.9 27.6
°C) MHz MHz MH:z MH: MH:2 MH:z MHz MH:z

-20 239 55 146 38 4 22 46.6 25.8
0 144 46 118 48 58 32 65.5 43.7
20 121 53 120 64 63 43 90 63
40 126 74 144 g7 91 78 117 95
60 144 92 185 137 128 118 174 141
80 187 132 238 172.5 179 165 263 225
100 212 178 310 232.6 255 230 365 290
120 265 227 388 291.7 335 317 490 389.4

standard linear regression and nonlinear two-parameter and three-parameter
fits. In some cases a slight upward curvature in the plots of In(A,_ — A,)
versus 7 was noted, and in those cases only the initial portion of the decay
curve was considered.

Spin-lattice relaxation times are presented in Tables I and II.

INTERPRETATION

The standard relations between T, and spectral densities JJ are employed.
For carbon-13, the expressions are

1
— =W, +2W, .+ W,
Tl

Ji(wg)
W, = Zj;Yévﬁth
Jx(wc)
Wy = ?3731(;352—407;;—
J(“’z)
W, = 2 2522
2 §3YcYH 107}-6
Wy =wy —we, W= wytoc (1a)
and for protons it is
1 9 2 8
_T_ = 257‘7’2’}—6 EJl(”H) + "ngz(z“’u) (1b)
1 J

The internuclear distances are similar to the standard di§tances used in
earlier studies, i.e., 1.08 A for the phenyl C—H distance, 1.12 A for the methyl
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TABLE 11
Phenylene Ring Carbon-13 Spin-lattice Relaxation Times of Cl BPA-PC
and CIBPA-PC (in ms; protonated carbons only)

CIBPA-PC CIBPA.PC
C1,BPA-PC Unsubst. ring Cl subst. ring

T 62.9 226 62.9 226 62.9 226
(°C) MHz MH:z MH:z MHz MHz MHz

' - 20 193 50 140.4 617 143 55
0 159 55 160 94.8 159 68

20 140 66 235 146 205 109

40 147 82 276 215 240 173

60 166 122 418 359 358 302

80 210 147 594 538 503 459

100 277 183 920 817 721 580

120 325 291 1196 936 994 838

C—H distance, and 1.77 A for the backbone methyl proton-proton distance.

Expressions for the spectral density can be derived from the action of
particular local motions on intramolecular internuclear interactions. The local
motions to be expected are segmental rearrangements of backbone bonds and
anisotropic rotation of methyl and phenylene groups. The segmental motion
description of Hall and Helfand'” will be employed, and for this segmental
description the time scale is set by two parameters; 7,, the correlation time for
single conformational transitions, and 7,, the correlation time for cooperative
or correlated transitions. This model for segmental motion® is then combined
with anisotropic internal rotation to give the following composite spectral
density function:

J(w) = Ad (75, 1y, @) + By 749, 11y @) + CI (7, 7y, @) (2)
where
A =4(3cos?A -1)°, B=1i(sin’24), and C = I(sin"A)

For stochastic diffusion:

For a twofold jump:

-
o
(=

I
o-'I

+
-
S

Y

2
]

o‘i

For a threefold jump:

-1
tr

S R S |
Too =Tp =Ta +7

The angle A is between the internuclear vector and the axis of rotation.
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The form of J,, J,, and J_ is the same as J given below with 7, replaced by
Tos Ty ANd 7, respectively.

J0) = 2{[(5)(w +207) = 2] 4+ [2(r5t + )]}

1 2(1g ' + 1w
x pa—
€08 2arctan 10 (7! +2771) - WP

The segmental motion description can also be combined with anisotropic
restricted rotational diffusion in place of complete anisotropic rotation.*'® For
this case, we have:

Ji(w;) = AJM(w;) + TBE{[(I - cosl)2 + Sinzll']im(wi)

1 2 [{1-cos({—nm) 1-cos({+nm)\?
+=- ) +
2 .2 1-nn/l 1+ nn/l

n

sin(l — nn) N sin(l + nw)\?
1~nn/l 1 +nw/l

J:'A"(“’i)}

C /1
+ EF{E[(I ~ cos2l)® + sin22l] J M w;)

o 11— cos(20~nn) 1-cos(2]+nn))\®
+ Y +
net 2-nnyl 2+ nn/l

+(sin(21 -~ nm) N sin(2{ + nw) )z] J’,A"(w‘)}

2 -nwn/l 2+ nn/l
where
2 2y /4
Jim("’i) = {[‘ro-l("'&l + “'1_1) - w:"] + (2"'0_1"":') }
1 . 215 'w;
e T S () -
A 2y —1/4
@) = {[% (" + M) + 7+ A,) - @)
N 1 ; 2(1}“' + A,,)w,
cos 231'0' an ("'04‘ + An)("'uil + >‘n) - ‘*’;‘2
where
w2
=1 '+7! and A,= (—l—) D, .
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The new parameters for restricted anisotropic rotational diffusion are the
angular amplitude ! over which rotativnal diffusion occurs and the rotational
diffusion constant D,,.

The starting point for the interpretation for either C1 ,BPA-PC or CIBPA-PC
is the phenylene carbon data. In some earlier interpretations,?~¢ phenylene
proton data were the starting point since these are influenced only by
segmental motion. In the polymers reported here and in other substituted

. polycarbonates,®-® the phenylene proton data are complex and cannot be
easily interpreted. Hence our use of phenylene carbon data, which are
influenced by both segmental motion and phenylene group rotation. To
compensate for the lack of simple phenylene proton data, extensive field
dependent data were taken to provide a sufficiently large data base.>-% In the
study of a closely related structure (TMBPA-PC), a combination of phenylene
carbon and ring methyl (both proton and carbon) data at two field strengths
were used to develop a description of segmental motion and phenylene group
rotation. The segmental motion description in that study employed the
Hall-Helfand'? correlation function and was verified by the use of the same
segmental motion parameters in the description of the backbone methyl
proton and carbon relaxation data. This same verification procedure is used in
the systems of interest here.

In addition to following an established interpretational approach, both the
carbon and proton relaxation data in CI,BPA-PC are almost the same as is
observed in TMBPA-PC. Since the substitution pattern of the phenylene
groups is so similar, we felt confident by beginning the interpretation with the
TMBPA-PC motional description and then making minor adjustments. The
phenylene carbon data at two field strengths are the starting point that
quickly led to values of 7, 7,, D,, and I. Here the Gronski'® picture for
restricted anisotropic rotation in combination with the Hall-Helfand'? de-
scription for motion nicely accounted for the phenylene carbon relaxation
data. The same approach was used on the backbone methyl proton and
carbon data to yield the time scale for methyl group rotation, 7, _, plus a
check on the segmental motion parameters 7, and r,. The methyl group
rotation was found to be complete anisotropic rotation by jumps between
minima separated by 120°.

The CIBPA-PC data were an intermediate case between Cl,BPA-PC and
BPA-PC. Again we started with phenylene carbon data, but this was a truly
different situation with no exact parallel in our previous experience. Since the
relaxation data did fall between two familiar systems, likely estimates for
segmental motion and phenylene rotation could be made and adjusted to
reproduce the phenylene carbon relaxation data at two field strengths. Since
the repeat unit is asymmetric in this polymer, different phenylene rotation
parameters were used for the two types of phenylene groups. The same
segmental description was applied to both phenylene groups since this motion
is assumed to involve several virtual backbone bonds. The segmental descrip-
tion was checked by the methyl proton and carbon relaxation data as before;
this data also provided the basis for determining the time constant 7, for
methyl group rotation.

In the description of ring motion in CIBPA-PC, the Woessner!? description
for complete anisotropic rotation by stochastic diffusion is successful at higher
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temperatures (> 40°C) but is not appropriate for either ring below 20°C. The
Gronski'® formulation is successful over the temperature range 20° to —20°C,
and the unsubstituted ring experiences slightly greater librational freedom
relative to the chlorinated ring.

The simulation parameters for Cl ,BPA-PC and CIBPA-PC are contained in
Table III, and all observed T,'s were matched within the experimental
uncertainty of 10% by the simulations just discussed. These simulations,
especially CIBPA-PC, would have been quite difficult were it not for our
experience with closely related polycarbonates and may have required a more
extensive data base if the related systems had not aiready been completed.

DISCUSSION

Since dilute solution studies have been performed on a number of structur-
ally related polycarbonates, comparisons between the descriptions of local
dynamics can be made. Such a comparison is made for segmental motion in
Table 1V, where it can be noted that as the apparent activation energy for 7,
increases, T, increases. However the trend is not followed for CIBPA-PC
relative to BPA-PC probably because intermolecular contributions to T, are
reduced in the asymmetric CIBPA-PC, since it most likely packs less effi-
ciently relative to the symmetric species. However, T, and E, for 7, of
Cl ,BPA-PC is much higher than either BPA-PC or CIBPA-PC, which is
typical of the phenomenological link noted before.?

Dynamic mechanical studies'® suggest that the degree of substitution rather
than the type of substituent is important to the dynamics. That conclusion is
reinforced by the solution data that show TMBPA-PC to be very similar to
Cl1 ,BPA-PC. The shifts in E, or 7, generally track the shifts in T, with both
rising on increased substitution. The changeover in phenylene ring mobility
from anisotropic free rotation in BPA-PC to restricted libration in the
tetrasubstituted species with the asymmetric CIBPA-PC exhibiting a combina-
tion of these motions depending on temperature range is paralleled by the

TABLE IV
Segmental Motion in Polycarbonates
Apparent activation energy Arrhenius prefactor
(kd /mole) (1, X 10" 5)
Cooperative Cooperative
T, segmental Singlebackbone  segmental  Single backbone
Polymer (Cc*) () totation (1) (n) rotation (1) Ref.

BPA-PC 150 19 16 28 1003 4

Chloral-PC 164 17 18 94 409 4

CIBPA-PC 146 23 20 10 130 Current
work

TMBPA-PC 203 23 34 1 3 6

CI,BPA-PC 225 23 34 20 3 Current
work

NB-PC 232 24 30 6 17 5

*From Ref. 16.
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TABLEV
Phenylene Group Motion in Polycarbonates
T Form of E, 7, X 10"
Polymer (C") solution motion (kJ /mole) s Ref.
BPA-PC - 100 Stochastic 22 6 4
diffusion
Chloral-PC -100 Stochastic 18 40 4
ditfusion
CIBPA-PC +5 Stochastic 22 ~ 14 Current
diffusion for work
T > 40°C
Restricted - - -
rotation for
T < 40°C
TMBPA-PC +50 Restricted - - 6
rotation
Cl,BPA-PC +49 Restricted - — Current
rotation work
NB-PC -108 Restricted - — 5
rotation

#The temperature of the main subglass transition loss peak measured at 1 Hz (Ref. 16).
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Fig. 2. Proposed motion responsible for low-temperature loss in CIBPA-PC. (a) Trans-cis to
trans-trans conformational interchanges with corresponding ring flips occurring on the unsub-
stituted phenylenes. (b) Trans-cis to trans-trans conformational interchanges with corresponding
ring flips occurring on the Cl substituted phenylenes. In all cases the asterisk indicates the
isomerizing carbonate bond.
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overall trends in the temperature of the subglass transition loss peak T, as
shown in Table V.

In CIBPA-PC, the raw T) data and the analysis in terms of correlation
times or rotational diffusion constants show the two phenylene rings to have
comparable mobility, although the unsubstituted phenylene ring exhibits
somewhat greater librational amplitude.

The nature of this apparent cooperativity between the phenylene rings
remains as a point for discussion. Phenylene ring rotation could be linked by
intramolecular steric interactions across the isopropylidene unit, across the
carbonate unit, or both. Bendler?® has performed quantum mechanical calcu-
lations on diphenyl propane that indicate that rotating one phenylene ring
causes partial but incomplete rotation of the other ring. This is less than
synchronous motion, and this level of cooperativity is roughly indicated by
the solution NMR data. Both the T, data and the motional analysis show
motion of the rings to be similar but certainly not identical.

The similarity in motio.: could also be reinforced by a coupling across the
carbonate unit in addition to the isopropylidene unit. In a recent proposal?®'
for the motion causing the low-temperature loss peak in BPA-PC, bond
rotation within the carbonate unit was combined with ring rotation. The
proposal consists of an interchange of trans-cis and trans-trans conforma-
tions with associated phenylene ring flips. Figure 2 displays the dynamic
process as applied to the asymmetric CIBPA-PC, and two subsets of the
motion are conceivable in this asymmetric system with the isomerizing
carbonate bond either adjacent to a chlorinated ring with a corresponding
unsubstituted ring flip (Fig. 2a) or with the isomerizing bond adjacent to an
unsubstituted ring with a correspending chlorinated ring flip (Fig. 2b). In
these figures and discussions, regioregularity of the asymmetric polycarbonate
chain is assumed. 'n either subset the chlorine substituent would reduce
mobility either by proximity to the isomerizing carbonate bond or by proxim-
ity to the flipping C,C, axis. Thus it would appear that neither subset of
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carbonate motions is unimpeded; and when this effect is combined with
coupling across the isopropylidene unit, it is not surprising that a single
shifted loss peak is observed in the solid rather than two peaks, one shifted
the other unshifted.

In CIBPA-PC a similar coupling of segmental motion and phenylene rota-
tion is generally reflected in the correlation times of Table III. At temper-
atures above 20°C where ring motion is primarily characterized by ring
rotation, the correlation time for rotation of either ring is rather similar to the
time scale of cooperative segmental motion. This general tracking of phenyl-
ene group motion and segmental motion has been nuted before in dissolved
polycarbonates and is consistent with the arguments presented in the solid for
a single loes-peak involving motion of more than individual phenylene rings.

This research was carried out with the financial support of the National Science Foundation
Grant DMR-790677, of National Science Foundation equipment Grant No. CHE 77-09059, of
National Science Foundation Grant No. DMR-8108679, and of US. Army Research Office Grants
DAAG 29-82-G-0001 and DAAG 29 85-K0126. We thank the Worcester Consortium NMR
Facility for use of the SXP90 and WM250 spectrometers and Mr. Frank Shea for his assistance.

References

A. A. Jones and M. Bisceglia, Macromolecules, 12, 1136 (1979).

J. F. O'Gara, 8. G. Desjardins, and A. A. Jones, Macromolecules, 14, 64 (1981).

M. F. Tarpey, Y.-Y. Lin, A. A. Jones, and P. T. Inglefield, in NMR and Macromolecules,
Randall, Ed., American Chemical Society, Washington, D.C., 1984, ACS Symp. Ser. vol. 247,

1.
2.
3.

J.C.
p- 67.
4. J. J. Connolly, E. Gordon, and A. A. Jones, Macromolecules, 17, 722 (1984).
5. J. J. Connolly and A. A. Jones, Macromolecules, 18, 910 (1985).
6. A. K. Roy and A. A. Jones, J. Polym. Sci. Polym. Phys. Ed., 23, 1793 (1985).

7. C. C. Hung, J. H. Shibata, M. F. Tarpey, A. A. Jones, J. A. Porco, and P. T. Inglefield,
Analitica Chimica Acta, submitted.

8. J. Schaefer, E. O. Stejskal, and R. Buchdahl, Macromolecules, 10, 384 (1977).

9. T. R. Steger, J. Schaefer, E. O. Stejskal, and R. A. McKay, Macromolecules, 13, 1127
{1980).

10. J. Schaefer, E. O. Stejska), R. A. McKay, and W. T. Dixion, Macromolecules, 17, 1479
(1984).

11. A. A. Jones, J. F. O'Gara, P. T. Inglefield, J. T. Bendler, A. F. Yee, and K. L. Ngai,
Macromolecules, 18, 658 (1983).

12, P. T. Inglefield, R. M. Amici, J. F. O'Gara, C.-C. Hung, and A. A. Jones, Macromolecules,
16, 1552 (1983).

13. J.F.O'Garn, A. A. Jones, C.-C. Hung, and P. T. Inglefield, Macromolecules, 18, 1117 (1985).

14. H. W. Spiess, Colloid. Polym. Sci., 261, 193 (1983).

15. H. W. Spiess, in Adoances in Polymer Science, H. H. Rausch and H. G. Zachmann, Eds.,
Springer-Verlag, Berlin, 1985, Vol. 66.

16. A. F. Yee and S. A. Smith, Macromolecules, 14, 54 (1981).

17. C. K. Hall and E. Helfand, J. Chem. Phys., 71, 3275 (1982).

18. W. Gronski and N. Murayama, Makromol. Chem., 179, 1521 (1978).

19. D. E. Woessner, J. Chem. Phys., 38, 1 (1962).

20. J. T. Bendler, Ann. N.Y. Acad. Sci., 371, 229 (1981).

21. A. A. Jones, Macromolecules, 18, 902 (1985).

Received June 13, 1986




Proton and carbon-13 relaxation and molecular motion in glassy bisphenoi-A
polycarbonate ’
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An interpretation of proton and carbon- 13 spin—lattice relaxation in glassy polycarbonate is
developed which is consistent with the geometry, time scale, and amplitude determined from
chemical shift anisotropy line shape collapse. The line shape data indicate 7 flips and libration
about the same axis as the predominant motions. A correlation function incorporating these
motions is developed to quantitatively interpret the proton spin-lattice relaxation data and the
line shape collapse. The 7 flip process is described as an inhomogeneous distribution of
correlation times using the Williams-Watts fractional exponential. An apparent activation
energy of 46 kJ/mol is determined with the fractional exponent remaining constant at 0.15.
The librational motion is described by the Gronski formalism where the amplitude increases
with the square root of temperature; and the rotational diffusion constant, linearly with
temperature. Rotational diffusion constants fall in the range of 10* to 10” s 7' which is
comparable to those observed in solution in sterically hindered polycarbonates. The librational
motion only contributes to spin~fattice refuxation at the higher temperatures so that only an
order of magnitude estimate of the restricted rotational diffusion constant results. This
correlation function is then applied to carbon-13 T, data taken at various positions across the
chemical shift anisotropy line shape on an isotopically enriched system. Little change in spin—
lattice relaxation with position is observed which is consistent with the broad distribution of 7
flip correlation times. The rate of carbon-13 spin-lattice relaxation is also fairly well predicted.

Comparisons are made with magic angle sample spinning spin-lattice relaxation both in the
laboratory and rotating frame. The former is fairly well approximated by the correlation
function while the latter requires a significant spin-spin contribution to be reconciled with the

rest of the interpretation.

INTRODUCTION

The geometry of phenylene ring motion in the glassy
polycarbonate of bisphenol-A has been characterized by sev-
eral solid state NMR line shape experiments.' 7 Two mo-
tional processes are identified: 7 flips and librations, both
occuring about the C,C, axis. A detailed analysis of the car-
bon-13 chemical shift anisotropy (CSA) line shape was
based on the presence of approximate = flips which occured
over the librational range around each minimum.” The libra-
tional range increases with the square root of temperature in
this interpretation from about 20° at — 100 °C to about 60" at

+ 100°C.

In addition to the geometric information, the rate of 7
flips can be characterized from line shape collapse. How-
ever, motional processes in polymeric glasses are often com-
plex, requiring data at a number of frequencies before a de-
tailed interpretation can be attempted. In this report, a
correlation function is developed which is consistent with
both line shape and spin-lattice relaxation data. Geometric
information from the carbon-13 CSA line shape data is com-
bined with phenylene group proton relaxation data to devel-
op this overall interpretation.

The proton relaxation data is taken from an earlier
study® on the partially deuterated form of the polycarbonate,
BPA-4,-PC, shown in Fig. | along with other structures and
abbreviations of the polymers mentioned in this paper. Pro-

< Present address: Ashiand Chenucal Cao., P.O. Bax 2219, Columbus, OH
43216.
' To whom correspondence should be addressed.
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ton T, data at 90 MHz on BPA-d-PC containing only phen-
ylene protons is available, in addition to T, data at 43.5
kHz. Magic angle spinning carbon-13 7', , dataat 28 kHz on
the fully protonated form is also available from the litera-
ture.* New carbon-13 T, data at 62.9 MHz on the carbon-13
enriched form, BPA-'*C-PC, are reported here. The T, mea-
surements on the enriched form are taken at several posi-
tions across the CSA tensor line shape to rest the orientation
dependence of the relaxation. Since the primary motions
present in polycarbonate are anisotropic, carbon-13 relaxa-
tion might be expected to depend on the orientation of the
motional axis with respect to the applied field.*"?

Earlier line shape and carbon-13 7', data on polycar-
bonate indicated inhomogeneous relaxation mathematically
corresponding to a distribution of correlation times for dif-
ferent spatial positions in the sample.>”'? In view of this
observation and the just-noted orientation dependence of
carbon-13 relaxation, it is fair to ask whether the inhomo-
geneous character of the carbon-13 T, data arises in part
from the orientation dependence of anisotropic motion. In
polymeric systems, other sources of inhomogeneity are also
likely. Notably, a distribution of local interactions, such as
the fluctuation of density at different spatial positions in the
glass could also lead to different relaxation times indepen-
dent of orientational effects. This aspect of the dynamics will
be incorporated into the description of the = flip process
through the use of a fractional or stretched exponential cor-
relation function. Correlation functions of this form have
been developed from physical pictures which may be appro-

© 1987 American Institute of Physics
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FIG. 1. Structures of the polycarbonate repeat units.

priate for polymeric glasses.'*'® The inhomogeneous rate
description for 7 flips will be combined with the proper geo-
metric description for this anisotropic motion®'>!? so both
sources of distribution effects can be considered. An carlier
interpretation of proton relaxation did not consider the an-
isotropic character of the motion, but used an isotropic ap-
proximation.‘ To continue the improvement of the correla-
tion function, the librational motion will be added to the 7
flip process using Gronski's description based on restricted
diffusion.''” In the earlier interpretation of proton 7T, and
T, data the librational motion was not considered. The am-
plitude of the restricted diffusion is determined from line
shape data, but the rate will be determined from the proton
spin-lattice relaxation data, and checked against the carbon-
13 data.

Other aspects of the carbon-13 T, and T, data will be
considered as well. The T, measurement” made on the car-
bon-13 CSA line shape of the enriched sample might be in-
fluenced by spin diffusion amongst the labeled spins. In this
case the average relaxation rate would remain the same, but
_ some of the inhomogeneous character would be lost. The
T, measurements made on a natural abundance sample un-
der MASS conditions could be influenced by spin diffusion
between the carbon-{ 3 and proton dipolar reservoirs.”*' In
this case, nct only would some of the inhomogeneity be lost
but an increase of relaxation rate would result from the new
relaxation pathway ®"! %3220

EXPERIMENTAL

From proton T, and T,, measurements a bisphenol-A
polycarbonate sample with deuterated methyl groups was

prepared to minimize cross relaxation between phenylene
and methyl protons.* In an earlier report the phenylene pro-
ton T's were measured at 90 MHz, while proton T, ,’s were
determined at an effective field at 43.5 kHz from a tempera-
ture of — 120 to + 120°C. A polycarbonate sample with
single site carbon-13 enrichment on one of the two phenyl-
ene rings ortho to the carbonate group was used in the chem-
ical shielding anisotropy line shape relaxation experiment
with data taken at 40 °C. Details on synthesis of the methyl-
deuterated and carbon-13 enriched polycarbonates, and on
proton T, and T, measurements are previously given.*
The phenylene carbon-13 relaxation data was measured
on a Bruker WM250 employing a Doty solids accessory with
cross polarization at proton and carbon-13 Larmor frequen-
ctes of 250 and 62.9 MHz, respectively, at various frequen-
cies across the chemical shielding anisotropy line shape us-
ing a nonselective w-r-m/2 pulse sequence. Typical
resulting decay curves are illustrated in Figs. 2 and 3. A
radio frequency field of 1.0 mT was employed. Spin-lattice
relaxation, T, was also observed at 62.9 MHz on a natural
abundance sample under conditions of MASS spinning us-
ing the Torchia T, sequence,' and the associated data is in
Fig. 4. Both the proton and carbon-13 T, measurements dis-
cussed here were performed on degassed, sealed samples.
Comparisons are made with carbon-13 T',, data from the
literature measured under magic angle spinning conditions
at proton and carbon-13 Larmor frequencies of 60 and 15
MHz, and a carbon-13 radio frequency field of 28 kHz.?

RELAXATION EQUATIONS
The proton data has been interpreted before utilizing
equations for isotropic motion.* The spectral density was

1.5 4
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FIG. 2. The logarithm of thc amplitude at delay time 7 minus the amplitude
at infinite r vs delay time for carbon-13 relaxation taken at the orientation
B = 0. The dashed curve is the prediction based on the correlation function.
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FIG. 4. The Jogarithm of the amplitude at delay time 7 vs 7 for the protonat-

ed phenylene carbons of unlabeled BPA-PC 1aken under MASS conditions.
The dasiied curve is the prediction based on the correlation function.

characterized in terms of a Kohirausch or Williams-Watts**
fractional exponential correlation function which yielded
the apparent activation ene.gy of 48 kJ/mol and an Arrhen-
ius prefactor of 1.0 X 10~ '®s. The fractional exponent & con-
trolling the breadth of the distribution of correlation times
was found to be 0.18. In the interpretation to be pursued here
the knowledge of the geometry of the motion will be incorpo-
rated. A specific geometric description can be applied for
both libration and flips allowing for a distinct estimate for
the time scales of each motion.

Carbon-13 spin-lattice relaxation is primarily deter-
mined by intramolecular dipolar coupling to the adjacent
proton. The strong r~° dependence of dipolar relaxation on
internuclear distance precludes large contributions to this
quantity from other protons of the sample.?

In quite the opposite fashion protons on adjacent poly-
carbonate chains are primarily responsible for proton relax-
ation as depicted in Fig. S. For the 2,3 phenylene protons, the
axis of rotation is parallel to the intramolecular internuclcar
vector and relaxation for such protons will arise from dipo-
lar interactions with protons on other chains. Further, an
exact 180" flip interchanges the sites of the four protonson a
phenylene ring, leaving the intramolecular dipole-dipole
Hamiitonian invariant.?®

Toincorporate these ideas we begin by writing the inter-
molecular dipolar Hamiitonian:

Bo.2 4 >
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X

F1G. §. Coordinate systems for BPA-d,-PC and BPA."*C-PC correlation
function calculations.
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+2
Hf= —(4n/5)fiy, pr()™ 3 Y3(OT,,, .
wm 2

(1)

This is the appropriate Hamiltonian for proton relaxation
since both internuclear distance and orientation are allowed
to be time dependent. The corresponding Hamiltonian for
the carbon-13 dipolar interactions has only a time-depen-
dent orientation factor:

H =~ 81/5) iy, psr ' 3

m= -2

Yl.m (I)TZ": .

(2)

The Y,,, are normalized spherical harmonics, and the 75,
are tensor operators following the formalism given by Mehr-
ing.*” The starting point for relaxation rate calculations is
the equation of motion of the density matrix*;

4 _ _f (H WO [H, =1 p PDdr. (3)

dt (7}

The result of the proton (/) T, and T, calculation is*>**

VT, =6n/5yif {J (w,) + 4/,(20,)}, (4)

VT, =6a/5yi# {1.5J,(w,) +2.5J (@) +J,20,)} .
(5)

For carbon-13 (S) the expressions are7-3"4

VT, =2n/S yivi # {Uylog — o)

+ 3, (ws) + Vs (ws +wl)}, (6)
/T, =a/5 ririf® {4,(0,) + 6J (@) + J(ws — ;)
+3J((ws)+w3(w5 +(l),)}~ (7)

The spectral density is defined as
Jo(@)=( ~ ”'"f‘ (r(1) Pt = 1))
0

XYy ()Y, _,, (£ — 7)) explioT)dr . (8)

+2

B Y R LN R e W VAV T R 2 TRWIVTR T YU oQuUd

For proton and carbon-13 calculations it is convenient
to write the spherical harmonics with coordinates referred to
the molecular rotation axis. For proton relaxation, inter-
chain interactions will have a proton dipole-dipole interac-
tion vector inclined at an angle @ “ to the 1,4-phenylene axis as
shown in Fig. 5. For carbon-13, molecular geometry indi-
cates a 60° tilt between the dipole—dipole vectar and the two-
fold axis of the phenylene group. In this formalism the azi-
muthal angle &’ is time independent. We also wish to express
the spherical harmonics with the azimuthal and polar angles
taken with respect to this symmetry axis.”'’ Treating the
combined effect of flips and librations as a double internal
rotation we write

+2 +2
Ylm(t) = Z Z dlznk(B)diu(BZ)
n 2k T2
Xexp[ —ikyp()]) exp[ —iny, (1)]Y,,(6'8) .
(9)

The subscripts F and L refer to flips and librations, respec-
tively. The d Z,, are elements of the reduced Wigner rotation
matrix, and are real. The angle between the static magnetic
field and the symmetry axis is 8 while the angle between the
symmetry axis and that about which libration takes place is
B-. As already noted, the Ripping and librating motions are
coaxial so 8, = 0. For k = n nonzero contributions occur,
and we write

+2
Vo)=Y di.(B)exp[ —inyc(1)]
ne= -2
Xexp( —iny, (1)]1Y,,(6"8") . (10)

Retaining secular terms only, the correlation function be-
comes

(Yo Y, 4=y = T di (B, (B)Y,,(8'4)Y,_,(6"6)(exp[ + iny, () ]exp[ Finye(t—1)])

n= -2

X {exp[ L iny (1) )exp[ Finy, (t—7)]).

Evaluating these expressions yields

(n

(You(O) Y, ot — 7)) = (45/1287){2/9{3 cos*(8') — 1]*[3 cos®( B) — 112 + sin*(8)sin*( B) (exp [ +2re(0)]
Xexp[ F 2iy, (¢ — 7)) ) (exp[ + 2iy, (1) Jexp[ F 2iy, (¢ ~ 7)]) + sin?(20")sin?(28)

X (exp( iye (1) Jexp[ Five(t — )M exp( v (O ]exp( Fiv (r = 7))}, (12)
(Y)Y, (1 = 1)} = — (15/64m){}[3 cos*(8") — 1)%sin*(2B) + sin*(8") [1 — cos*( B) | (exp[ + 2y, ()]

Xexp[ F 2y, (1 —7)])(exp[ £ 2iy, ()]
xexp[ F 2y, (t —7)]) +sin*(20") [cos’ (2B) + cos’( B) ]

X {exp[ L iye () ]exp[ Firp(t = )]} exp[ £ iv (D ]exp[ Fiy (¢~ ]}, (1)
(Yot )Y, ot — 1)) = (15/256m){2{3 cos*(8") — 1] sin*( B) +sin*(8') {1 + 6 cos*( B) + cos*( B))

X (exp[ £ 2iy, (1) Jexp[ F 2iy,(+ — 1) ] ) (exp[ + 2iy, () ]exp[ F 2iy, (1 = 7)])
+ 45in’(20")[1 — cos*( B) J{exp[ x iv, (1) Jexp[ Fivp(t —7)])
X (exp[ + iy (D) Jexp[ Fiy (1 =) ])}. (14)
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With proton spin-lattice relaxation times long with respect to the time for spin diffusion, the latter mechanism exchanges
magnetization between ditferent sites effectively averaging over all orientations with respect to the applied field. Thus only a
T, averaged over all sites is observed. For this reason the spherical harmonic expansions are averaged over the polar angle 3,
which leads to the result

(Y, (DY, ,(t—=7))=(—1D"(1/16m){[3cos’(8") — 1]* + Isin*(20") (exp[ + iy, (1) )exp[ Fiys(z — 1)])
X (exp[ x iy, (D ]exp[ Fivo (¢ —1)]) + 3sin®(8) (exp[ + 2iyp(1))

X exp[ F 2y, (t — 7)) )Cexp[ + 2iy, (1) Jexp{ F 2iy, (¢ — 1)]}. (15)

For carbon-13 relaxation, spin diffusion is less prevalent so we retain the dependence on 8. According to molecuiar geometry
0’ = n/3, and we obtain

(Yuo(D)Y, (1 —7)) = (135/5120){1/54[3 cos*( B) — 1]} + 3/4 sin*( B)(exp[ & 2iys(1) Jexp[ T2y (1 ~7)])

X (exp[ + 2y, (1) Jexp[ F 2y, (¢ ~7)]) +sin*(2B) (exp [ + ivp (1))

xexp| Five(t =) exp[ 2 iv (D ]exp[ Fiv, (1 —7) ]}, (16)
(Y, ()Y, (t—1)) = — (45/256m){1/6 sin*( B) cos*( B) + 374 [1 — cos*( ) Iexp[ £ 2iv.(0)]

xXexp[ F2iy, (¢ = 1) ] (exp[ £ 24y, (1) )exp[ F 2y, (t —7)]) + [cos’(28) + cos*(B) |

X (exp[ £ iy, (1) Jexp{ Five (¢ — )] exp[ £ iv, () ]exp[ Fiy, (1 —1)])}, (17
(Y (DY, (1~ 1) = (45/1024m){1/8sin*( B) + 3/4[1 + 6 cos*( B) + cos*( B) ] {exp[ + 27 (D]

Xexp[ F 2y, (4 — 7)) (exp[ + 2y, () Jexp[ F 2y, (¢ —~7)]) + 4[] —cos*( B)]
X (exp[ £ iy (D) )exp[ Fiyp(t — 1) ])exp[ iy () Jexp{ Fiv, e — )]} (18)
)

RELATIONSHIP OF SHIELDING AND MOTIONAL AXES tional axis system, the twofold axis. We rotate about the z
To interpret the relaxation at various points across the  2Xis through the angle § using the rotation matrix:

chemical shift anisotropy line shape, it is necessary to relate cos(8) —sin(8) 0
shielding to the oriemtation of the molecular motion axis. R, =|sin(8) cos(8) O], 21
Shielding itself is described in a molecular fixed axis system ) 0 1

determined by the electronic environment. To transform
from the principal axis system to the motional axis system to
consider the effects of the motion and to consider the orien-
tation of the motional axes with respect to the applied field
three similarity transformations are employed as follows:

o,=R,0*R; "', (22)

About axis Angle Degrees
(n z s w/3
(2) x’ a variable
(3) y© e variable

The x, y, and z axes are the principal axes of the shielding
tensor and are fixed as shown in Fig. 6.%* The corresponding
principal components of the chemical shielding tensor are
1 O3, and a4, with rigid lattice chemical shifts relative to
CS, of *

o,= —17ppm, (19a)
7., = 52 ppm, (19b)
oy = 175 ppm . (19¢)
To develop the equations relating the observed chemical “

shift to these principal shielding components we begin in the
principal axis system of the chemical shift tensor

g, 0 0
o*=10 o, 0]. 20 Yy
0 0 oy o ) FIG. 6. Coordinate system for BPA->C-PC chemical shieiding calcula-
We wish to transform the principal axis system to a mo- tions.
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[0, cos*(8) + 05, sin?(d) (02, — 01,) sin(28) 0

g, =] (04 —0)}sin(26) 0, 8in*(8) + 02, c083(8) 0 |. (23)
L 0 0 T3

With 8 = /3, cos*(8) = 1/4, sin*(8) = 3/4, and sin(26) = g\ﬁ which reduces the tensor to

r3(0||+3‘722) W3 o —0,) O

0= |30n—0,) (G0, +0n) O |- (24
| 0 0 Ty

The second unitary transformation involves rotation about the x’ axis through the angle a which is used to introduce the
two motions (flips and librations) as well as describe the orientation of the phenylene ring:

oa@)=R,0R;"', (25)
1 0 0
R, =10 cos(a) —sin(a)], (26)
0 sin(a) cos(a)
1oy, + 3022) cos(a)}y3(os;, —ay)) sin(a@)}y3(02; — 01))
o, = |cos(@)|V3(as, — a,))  cosi(@)}(30,, +03) +sin*(@)oyy  Jsin(Qa)[J(30y, +0y) — 03] |- (2D

sin(a){y3(o;, — 0))) }sin(2a) (§(30y, + 023) — 0733] sin*(@)}(30,, + 03,) + cos*(a)as,
We shall consider the effect on o,(a) of « flips and librations about the C,C, axis. The m-ftip averaged value of o, (@) is

Onp = Hoy(a@) + o0y(@ + M} (28)
oy + 303,) 0 0
= 0 cos’(a)} (30, + 0,) +sin’(a)oy;,  Lsin(Ra)[}(30,, + 03,) —03] |- 29)
0 }sin(2a) [}(30,, + 033) — 033 sin?(@)}(30,, + 03,) + cos*(a)os,
We next consider the effect of libration on this matrix. The libration-averaged value of oy;, is {(0,(a)):
+ L +
{(o)(@)) = ! a..i,,da/J‘u l da, (30)
a - L a~ L
where L is the amplitude of angular libration. Utilizing this yields ’
(cos’(a)) = I{1 + cos(2a)sin(L)/L}, 1)
(sin?(a)) = }{1 — cos(2a)sin(L)/L}, (32)
and
{sin(2a)) = sin(2a)sin(L)/L , (33)
and
oy, + 30y,) 0 0
0 1{1 + cos(2a)sin(L)/L}(30y, + 033)  {isin(2a)sin(L)/LH}{(30,, + 73;) — 033 ]
(o,) = + {1 — cos(2a)sin(L)/L}04,]}
0 {} sin(2a)sin(L}/LH}(30,, + 033) §({1 — cos(2a)sin(L)/LH (30, + 03,)
—0y,] + {1 + cos(2a)sin(L)/L}os,] an

To allow the possibility that the symmetry axis is inclined at an arbitrary angle to the static field, we introduce a third
unitary transformation permitting rotation about the y” axis through an angle 6,

o3 =R, ()R ", 35
cos(8) 0 —sin(8)
R, = 0 1 0 . (36)

sin(@) 0 cos(8)
The matrix resulting from the third transformation is

ax x 0‘ 14 0! s
Oy= |0y O, Oy, 37
Tax axy Oz
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‘with *

" O =cos’(0)4(0y, + 303:) +sin*(D)L[{1 — cos(2a)sin(L)/L}L(30,, + 03,) + {1 +cos(2a)sin(L) /LYoy, , (37a)

g,, = }[{l +cos(2a)sin(L)/L}}(30,, + 0;) + {1 —cos(2a)sin(L)/L}a,]) ,

(37b)

0. =sin’(0)}(0, + 302) + cos’ () { {1 — cos(2a)sin(L)/L} (30, + 033) + {1 4cos(2a)sin(L)/L}asy), (37c)

o, =0, = —sin(0){}sin(2a)sin(L)/L}[}(30,, + 022) — 043 1, -
0,, =0, =cos(d){sin(2a)sin(L)/L}[{(30,, + 042) — 04y |,

(37d)
(37)

0, =0, =sinQQ){{(0y, + 3oy, = {1 — cos(2a)sin(L)/L}\ (30, + 03,) + {1 +coc(2a)sin(L)/L}oy,l} .

(376)

The angle 0 lics between the symmetry axis and the x” axis. Since the angle between the x* axis and the z* axis is 7/2,

8 =nm/2 — B, and we may write 0., as

o (aB) =cos’{ )l a,, + 30,:) + sin®( B} [{1 = cos(2a)sin(L)/L}(30,, + ;) + {1 +cos(2a)sin(L)/L}o,,) .

Thus the chemical shiclding is a function of o, |, 0+, 7y,
L, a, and B. Line shape studies’™ have set the first four
p~rameters, and through a and 8 we may specify any orien-
tation of the phenylene ring with respect to the static mag-
netic field and the corresponding chemical shift. We find
three instances where choices of @ and £ result in unique
values of the shielding relative to the CSA line shape as indi-
cated in Fig. 7. For 8 = #/2 and a = 0} we obtain maximum
shielding, o, = 164 ppm. By a rotation of 7/2 degrees
through a while keeping § = 7/2 we move to the most de-
shielded position, o, = 10 ppm. Thus the calculated
linewidth of 154 ppm at 40 °C is in excellent agreement with
the observed linewidth.” Finally, phenylene rings with their
symmetry axes in the direction of the field ( 8 = 0) over-
whelmingly but not completely account for the chemical
shift o, = 34 ppm. In the fully relaxed spectrum, this is the
position of maximum intensity.

CORRELATION FUNCTIONS

For proton relaxation, correlation functions for orienta-
tion variation and internuclear distance variation must be
developed. Only the former aspect is required in carbon-13
calculations.

The approximate twofold flipping motion of the phenyl-
ene group can be described by Gibby’s formalism?®® produc-
ing the internuclear distance correlation function:

INTENSITY

T T v
M o0 i) 150 200
PEM LS UMY

FIG. 7. Chemical shielding anisotropy spectrum at 40 °C including unique
orientations of the phenylene ring

(38)

i

(r() r(e — 7))
=Y plr)r7 plrotin =772, (39)
Ly}

where p(r,) is the probability that a phenylene group is in the
r, orientation and p(r,,t |r,,t — 7)is the conditional probabil-
ity that the ring was at orientation r; attime ¢ — 7, given that
it is in the r; position at time ¢.

The correlation function for phenylene group twofold
anisotropic internal rotation has been presented by Jones.*®
The time-dependent probabilities for occupation of two rota-
tional equilibrium positions are

plr) =1, (40a)

plratir, t = 7) =1 +exp( —~ |7|/7)], i=],
(40b)

pirtin =7y =1 —exp( —|7i/7.)]), is#j.
(40c)

The parameter 7, is the mean time between jumps. Illustrat-
ing the computation:

(r(r(t =) 72) =174+ exp( = |ri/m) |3
+in [V —exp( — ||/ ) )
+ 7 [ —exp( = |ri/7) )0

+ i —exp( = |r/7 )]0
(41)

The distances r, and r, correspond to minimum and maxi-
mum proton separations, respectively. Since the minimum
position will be most efficient in inducing relaxation, we ne-
glect the last three terms. The contribution of 7 flips to the
spectral density from modulation of the internuclear dis-
tance yields:

(r) e =) =) [+ exp( = |7/ )% (42)

The correlation function associated with flips of the azi-
muthal angle, - can be calcuiated based on the twofold
flipping motion. Again following Gibby’s formalism?:
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(expl + imy(0))exp| F imy(t — 1))

= ZP(}’. )CXP( i "’"7’; )p(}’nt lV,J - T)
iy
xexp( Fimy,) . (43)
The same time-dependent probabilities for occupation
of two rotational equilibrium positions’® are employed yield-
ing

R e T RVRVE NSy VTS (FVIVIRTEINC)

J

(expl + imy (1) lexp{ F imy(t — 7)])

where
C,, =exp( + imy))exp( F imy,). (46b)

For exact wflipsy, =y, + mand C,, = ( — 1)™. How-
ever, line shape data~® indicates a range of positions reached
by librational motions with an amplitude for phenylene
group libration at each temperature given by

L=667TT"2%—-684, 47)

where L is the angular amplitude in degrees and T is the
temperature (K). Through this equation C,, acquires tem-
perature dependence.

When a ring flips, it is assumed to pass from any position
within the librational range around the first minimum to any
position within the same range around the second minimum.
Thus there will be jumps of 175°, 185", etc., as well as 180°
though on the average the motion corresponds to = flips.
Since a distribution of flip angles results, a composite value
of C,, (T) is sought.

We arrive at this composite by allowing jumps of equal
probability from each site in the first minimum to each site in
the second minimum and vice versa. The interval between
sites in both minima is arbitrarily set at one degree, which is
sufficiently fine to avoid graining effects. Finally we write
the generalized flip correlation function for the azimuthal
angle y,:

(exp[ + imys(t)]exp[ Fimye(t —1)])

=1 +C. (D] +i[1 = C.(D]exp( ~ |ri/m) .
(48)

In practice, replacing C,, = ( — 1)™ with the compos-
ite form results in virtually no change in the correlation func-
tion. However, since the composite is consistent with the
overall form of the model it is retained.

The correlation function associated with libration will
be calculated using a model for restricted rotational diffu-
sion of a dipole pair about an internal rotation axis.'*'” Mod-
el parameters are: D,,, the diffusion constant for restricted
diffusion, and L, the angular amplitude of the restricted dif-
fusion. As mentioned, the temperature dependence of L is

=lexp( £ imy))1 +exp( — |7|/7,) |exp( F imy,) + Jexp( + imy )1 —exp( — |7|/7,) ]exp( F imy.)
+ bexp( t imy,) [ 1 —exp( — |7|/7,) Jexp( Fimy,) + Lexp( + imy,){[]1 +exp( — [r|/7.)] exp( Fimy,) ,

(exp[  imy()]lexp( Fimy(t —7)]) = [ +exp( — [r{/7)] + [ —exp( = [7|/7)]C,.\
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"(44a)

Pty =7y =41 +exp( —|r/7)), i=j,
(44b)

Ptlr =) = U1 —exp( = [7l/7,)], i%).
(44c)

Illustrating the computation:

(45)
(46a)

r

known from line shape studies and thus only D,, remains as a
variable.
We have form =1or 2:

(exp( % imy, () Jexp( Fimy, (t —)])
i {4 2[cos(my)]

n=1

=2(mL)Y™*{1 = cos(mL)] +%

+ A2 [sin(my)]}exp( ~A,7) (49a)
with
Al[cos(my)] + A% {sin(my)]
_ [sin(mL —nmw)  sin(mL 4+ nm)]?
(mL — nm) (mL + nr)
I —cos(mL —nw) 1 —cos(mlL + nm)]?
(mL — nm) (mL + nm)
(49b)
and
A, = (n7/L)YD, , {49¢)
The dimension of L is radians, D,, is expressed in s~ ', and

the sum over the index n typically includes eight terms.

DISTRIBUTION OF CORRELATION TIMES

In bulk polymers inhomogeneous packing of chains or
groups of chains causes a distribution of spatial sites and
correlation times for dynamic molecular processes. To quan-
tify such a distribution the Williams-Watts fractional expo-
nential correlation function is frequently employed'*~**":

& (1) =exp( — (I7|/7,)7) . (50

The parameter a controls the breadth of the distribution of
correlation times and 7, ' would be identified with the 7 fiip
rate at the center of the distribution. Kaplan and
Garroway** showed that the above equation could be recast
as a discrete sum:
.
T ()= Y exp(~ /1P,

k=)

(5hH

with
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0= P =1. (52)

k=4

In practice 81 r, 's were used (K = 81), 40 on either side
of 7,. This follows the approach of Kaplan and Garroway
wherein two r, ’s cover one decade of time.

Bendler et al.'” developed an expausion of the correla-
tion function appropriate for @ values between about 0.09
and 0.36. The expansion satisfies the normalization condi-
tion for the £, ’s:

P, =1log (10)r,p, (7,) (53a)
and

p. 1) =al/r, (1,./7,)" ‘exp( — 1. /71,)"

x|V ~aF, + &*F, —a’F,+a‘F, - -},
(53b)
where
Fi=Uy(l ="y, (53c)
F,=U(1=3u “+u-, (53d)
F,=U(1 =74 “+6u *—pu-, (53e)
Fo=U (1~ 150 "+ 25"~ 10u " +u~*,
(530)
and
U,=0.57721665, (53g)
U,= —0.6558775, (53h)

1

A A I ) g ) et g e b s

U,= —0.042003 28, (331)

Us;=0.166 538 57, (53
with

p= (/7). (53k)

The spin diffusion present in proton relaxation averages
over the spatially homogeneous sites 5o an essentially homo-
gencous form of the correlation function can be employed:

(exp| * imy, () ]exp[ Fimyp(¢ — r)])

=1[1 4+ C (D] + {1 = Ca(D]exp( = (7]/7,)%) .
(54)

For carbon-13 relaxation spin diffusion is less influential,

and the inhomogeneous form is retained:

(exp[ £ imye(1)}exp[ Fimyp(t —1)])

=1[1 +C (D] + 1[I = C.(D]exp( — [7}/7,) .
(48)

PROTON SPECTRAL DENSITIES

With the requisite correlation functions now developed,
we turn to calculation of spectral densities. Let us begin with
consideration of the proton case for which we already have

(P r(t = 7)) = Lo+ exp( ~ |71/7,)7]
(4

and 2)

(Y, (OY, _(t—1))=(—D"(1/167){[3cos’(8') — 1]* + 3sin*(20") (exp[ + ivp (D) ])exp[ Five(t —1)])
x (exp[ £ iy, (D]exp[ Fiy, (t — 1)) + 3sin*(0°) (exp[ + 2iy, ()]
Xexp[ F 2y, (1 — 7)])(exp[ + 2y () ]exp[ F 2y, (1 —7)])}. (15)

Equations (4), (5), and (8) have identified proton T, T, and the spectral density. In light of Eqs. (42) and (15), it is
convenient to define a correlation function specifically for proton relaxation:

¢, (r)={1 +exp( — |7)/7, )" H(exp[ + imy, (1)) exp[ F imye(t — 1)) (exp[ + imy, () ]exp[ Fimy, (t — INE

(55)

The half-Fourier transform of this correlation function, j,, (@), can be refated to the earlier spectral density /,, (w) [Eq. (8) ]:

Jm (w)sf &, (rexp(iwr)dr (56)
(]
and
J (@) = (r;%/64m){[3 cos?(8') — 1]%j,(@) + 3 sin*(207) j,(w) + 3sin*(0") jr(w)} . 57
Thus, Egs. (4) and (5) become
/T, = 3/160 yi#r, *{[3cos?(8") — 112 [ ju(w,) + 4jo(2w;) ]| + 3sin*(20") [ ji(@)) + 4/,2 @) ]
b 3sin* (0 [ (o) o 4j,2w)]}, (58)

1/T,, = 3/160 ¥i#r, *{[3cos’(8") — 1P [ 1.5 jn(w,) + 2.5jo(@;) +Jo(20)] +3 sin’(26") [ 1.5 (w,)
+ 2.5, (@) +4,(20,) ], + 3sin*(8) [1.5/:(w.) + 2.5 /3(w,) +/,(20, 11} (59)
Let us evaluate the spectral densities j,, (@) for m = 0,1,2. For m = 0 we consider the half-Fourier transform of the

fractional exponential correlation function:
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j()(w) = f ‘bu(T)CXp(iwf)dr
0

K L)
=3 exp( — |7i/7, Yexpliwr)dTP,

L =1J0

K
= 3 {n/1+ (wr )]},

h=1

and we obtain for m = | or 2:

st s gew g et ) Meldl sl (VISR

(60)

Jm@) = 1/8[1 +C, (1] Z {42 [cos(mpy)] + A2 (sin(my)|HA, Y[+ (w/A,)°] + 2(mL) "1 —cos(mL)]
" ]

K LY =
XY /[l + @ P1}P+172 3§ {dl[cos(my)) + AL Isin(m)Hr, /[ 1 + (0r,,)?] )P,
k [} A la -}

K
+ 1/72[1 —C,,,(T)](Z(m[_)‘zll ~costmL)] ¥ {ri/[1 + (or{)?]}P,

k1

K
+ 1723 ¥ {4 [cos(np)] +d[sin(my) | M7, /[ 1 + (a)r{n)z]}PA) ,
A In ]

where
(ro) "= +4,, (61b)
o=/, (61c)
and
(i)' =) 44, (61d)
A, = (nm/L)D, . (61e)

Again, the dimension of L is radians, and D,, is expressed in
s . A logarithmic plot of the spectral density vs Larmor
frequency with and without the librational contribution is
shown in Fig. 8 for the parameters

7, =036x10 *s

a=0.1§,
D, =0438x10°s",
L=50.

These 7, and T, equations were fitted to the proton
data set by a nonlinear least-squares program. The program
adjusts parameters to minimize the sum of squares of the
percent deviations between calculated and experimental T,
and T, values, yielding the following fitting parameters:

\ — 0, 4X10%"
214 Sl D, 0
- 218
P 221 \\
S
&% ‘\-.A\,‘
21
—r T 4 ] B S r"—v;J
LA 1] mey " 1My Fatl JOY

LN e

F1G. 8. Logarithm of the proton spectral density vs the logarithm of fre-
quency with and without the librational contribution.

(61a)

r

r.=(T+4)x10""s,

E, =46 + 5kI/mol ,

a=0.15+003,

' =m/2+7n/18,

rn=194+010A,

D, = [(1.47 £ 0.40) X 10°T — (2.22 + 0.50) x 107 ] s~"

where T'is in K. A semilogarithmic plot of the result of fit-
ting the proton data is shown as Fig. 9.

Interchain interactions were expected to have a proton

"
_..‘.-1-—‘—1"1’

— STMULATED T,: LIBRATION OMLY
4 EXPERIMENTAL T,

== SIMAATED 1,

0 EXPERIMENTAL Typ

== SIMNLATED Ty

Ln(T,) and Ln (T‘,)

2
L
_‘ 1
: \”\a |
i U
T T R I T T T
003 0035 .004 .0045 005 .0055 .006 0065
VT (1K)

F1G. 9. Logarithm of BPA-d,-PCproton T, and T, , vs 1 /7" data and model
predictions
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dipole—dipole interaction vector inclined at approximately
90° to the 1,4-phenylene axis,”” since this would correspond
to the position of the nearest protons. Allowing this param-
eter to vary leads to the expected value. Note that the same
valuesof E,, 7_ , and a also fit the carbon-13 CSA line shape
collapse at two field strengths.>’

CARBON-13 SPECTRAL DENSITIES

Carbon-13 calculations proceed on the basis of an inho-
mogeneous distribution of correfation times, giving rise to a
distribution of spin-lattice relaxation times in the lab and
rotating frames. Schaefer et al.'* have shown that carbon-13

magnetization decays nonexponentially because of a distri-
J

v e mbe G gy Uy e e

bution of relaxation times. Equations (6), (7), and (8) have
identified carbon-13 T, T,,, and the spectral density. In-
cluding contributions from phenylene ring libration [Egs.
(49a2)-(49c)] and approximate = flips [Eq. (48) ], we de-
fine the carbon-13 correlation function as

©,, (r)=(exp[ + imyr(1)]
Xexp[ Fimye(t — )] {exp[ % imy, ()]

Xexp[ Fimy, (t —71)]). (62)
The spectral density is the same as in Eq. (56), except that
we have a unique . for each correlation time r,. We calcu-

late the carbon-13 correlation spectral distribution function
as

Jmi (@) =%([l +C. (D] i {42 {cos(my)] + A2 [sin(my)]}A | V{1 + (w/A,)?]
n o

+ [1~ Ca (D }4(mL) = [} —cos(mL) |7, /[ | + (w7,)?]

+[1=-C.(D) .i. {42 [cos(my)] + A2 [sin(my) [ }r /(1 + (w1, )2]) , (63a)
where
() '=(r)" "' +4,, (63b)
A, = (nw/L)*D, . (63c)
For each correlation time r, the equations for carbon-13 T.[Eq. (6)}and T 10 [EqQ. (7)] may be written
/T, =27/256 % vifr=2{3/4 sin*( B) Ju(ws —w,) + sin’(Zﬁ)j,k(a)s - w;)
+372[1 = cos*( B) ) ju (@5) + 2[cos*(28) + cos*( B) ) j,. (ws)
+ 3/4[1 + 6 cos*( B) + cos*( B) } ju (wg + ;) + 8]1 — cos*( B) Vi (ws +w,)} (64)
and
/T, = 21/2567; vi#h'r=*(32sin*( B) ju (@,) + 25in?(28) 4 (@.) + 3/2[1 — cos*( B) 1w (w,)
+2[cos*(2 B) cos’( B) | juu (@) + 3/8sin*( B) jui (w5 — @,) + sin2(28) J. (w5 — w,)
+ 3/4(1 — cos*( B) ] ju(ws) + [c0s?(28) +cos®( B) 1 i, (ws)
+ 3/8(1 + 6 cos’( B) + cos*( B) ] ju(ws + @;) + 2{1 ~ cos*( B) luwlws +o,)}. (65)

Thus at each angle 8, the lab frame relaxation rate is
displayed in the form of the plot of log, {(4_, — 4,)/24}
vs delay time 7. Thus we calculate

log.{(4, —4,)/24_}
K

=log,{ > exp[ — /T (B)] P} - (68)

A=

This equation will apply to the intensity of certain posi-
tions of the CSA line shape corresponding to specific values
of B. From the CSA line shape and proton 7, and T, inter-
pretations we can specify all model parameters needed for
carbon-13 calculations. At 34 ppm B = 0, and we compare
data and theory in Fig. 2. At each end of the tensor 7 = 90,
and we combine this data to check the theory in Fig. 3.

The carbon-13 MASS data of Schaefer can be compared
with the prediction based on the same correlation function.
The MASS T',, dispersion is calculated by summing over all
orientations and this result then is compared with the experi-
mental data in Fig. 10. The prediction does not match the

data, with the experimental data decaying more rapidly and
with less evidence of a dispersion. A match can only be ob-
tained by allowing for an additional relaxation pathway with
asingle exponential time constant, T, . Adding this contribu-
tion to the relaxation caused by molecular motion yields the
expression

A(1) = JAyexp( — 7/T,)

K
x| 3 ewl =~ /T (B P
0

k=1
xsin( 3)df3. (67)

Allowing T, to vary to produce a good fit yields a time
constant of 21 ms for this pathway. This indicates that about
80% of the carbon-13 MASS T, results from motions con-
sidered in the model and 20% arises from another source.

Natural abundance carbon-13 T, data on the phenylene
carbons taken under MASS conditions was also measured at
62.9 MHz. The experimentally determined decay curve is
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FIG. 10. The logarithm of the amplitude after spin lock time r vs r for
carbon- | 3 spin-fattice refaxation ta the rotating frame under MASS condi-
tions (Ref 8). Culculated curves show predictions with and without T, .

compared with the theoretical curve in Fig. 4. Again as with
the carbon-13 MASS T, data this corresponds to a sum
over all orientations. The predicted slope is approximately
correct though the data indicates a greater dispersion than
the correlation function. This difference and the additional
relaxation pathway™*" will be considered further in the Dis-
cussion section.

DISCUSSION

The description of motion developed here in the form of
a correlation function for polycarbonate provides a reasona-
bly successful quantitative summary for a number of NMR
experiments including proton T, and T, ,, carbon-13 T, and
T\, and carbon-13 CSA line shapes. This same description
also accounts for the breadth and temperature of the shear
mechanical loss peak measured at 1 Hz.”

The geometry of motion was determined as 7 flips and
libration bused on line shape collapse.'**” The largely tem-
poral description of 7 flips given here was determined from
the carbon-13 line shape collapse*” and the proton T,, data.
The time scale of the librational motion was mostly deter-
mined by the proton T, data. The rotational diffusion con-
stant falls in the range of 10" to 10° s~ ' though this estimate
is probably an order of magnitude estimate since the libra-
tional motion is a minor contribution even to the proton T,
at 90 MHz. The librational contribution to the proton T, is
shown relative to the observed relaxation times in Fig. 9 and
it can be seen as a small contribution except at the highest
temperatures. '

The librational aspects can be checked by the carbon-13
T, data since it is also a fairly significant contributor to this

data as well. For the carbon-13 T, data taken across the CSA
tensor on the enriched sample there appears to be good
agreement between the prediction based on the motional de-
scription and the experimental decay curve as shown in Figs.
2 and 3. There are deviations in the decay curves at long
times, beyond 2 s, and the most likely cause is spin diffusion
among the carbon-13 sites. Apparently spin diffusion from a
slowly relaxing site to a rapidly relaxing site offers a new
pathway in the enriched samples at delay timesin the 3to 4
range. This would indicate the rapidly and slowly relaxing
sites are only 5 to 10 A apart which corresponds to hetero-
geneity in a very local scale,*’ i.e., rigid and mobile regions in
very close proximity.

While the decay curve for T, data on the enriched sam-
ples shows less heterogeneity than the motional description,
the decay for the MASS T, shows a greater heterogeneity
than the motional description. A reduction in the estimate of
D, by a factor of 2 or 3 would result in a decay curve closely
matching the experimental curve in both rate and dispersion
characteristics. The estimate of D, was developed primarily
from the temperature dependence of the proton 7, data as-
suming an amplitude of libration given by the carbon-13 line
shape data. Actually the carbon-13 line shape data only de-
termines the librational amplitude well for temperatures
above 20 °C since below that temperature the rate of the 7
flip process primarily determines the line shape. The tem-
perature dependence of the amplitude observed from 20 to

+ 120 is extrapolated to the region 0 to — 120 and this
yields a successful line shape simulation. The point is that
the amplitude in 0 to — 120 range is somewhat uncertain
and the librational contribution to the proton T is a second-
ary factor so the overall determination of D,, is an order of
magnitude estimate. Within this range of accuracy the car-
bon-13 T, MASS data agrees with the overall description of
the dynamics though the data points to a somewhat slower
librational motion than estimated from the proton data.

One of the new aspects to come out of this more com-
plete interpretation is the diffusion constant for the libra-
tional motion, D,, which takes on values in the range of 10*
to 10” s~ ". These values are indicative of restricted rotation
as opposed to oscillation since true torsional oscillation
would be expected to fall at much higher frequencies. The
time scale of this libration is too fast to be associated with
mechanical processes such as the low temperature loss peak.
However, the motion is very similar to restricted rotation
observed in solution in polycarbonates where the rotational
restriction arises from intramolecular steric factors. A com-
parison of the time scale and temperature dependence of li-
bration in bulk polycarbonate with that observed in solution
for substituted polycarbonates is contained in Table I. The
similarity is surprising since the source of the interactions
restricting rotations differs. In solution, unsubstituted poly-
carbonates undergo stochastic rotation about the twofold
axis with a correlation time of a few nanoseconds, and bar- -
rier heights of 13 to 20 kJ which includes a contribution from
solvent drag. In the substituted polycarbonates, complete
rotation slows and restricted rotation becomes the primary
process contributing to T,.*"*? The time scale for the re-
stricted rotation remains on the nanosecond time scale so

J. Chem. Phys., Vol. 86, No. 12, 15 June 1987




wiy Connolly, Ingletield, and Jones: Relaxation in glassy polycarbonate

TADALE 1. Phenylene ring libration in several polycarbonates. Time scale
and temperature dependence of libration in bulk BPA-PC vs dissolved and
substituted polycarbonates.

D, =4T - B T(K)

Polymer A £10 ° B~10 " State
TMBPA-PC*® 5.6 2.6 10 wt. % in
C.D.Cl,
NB-PC**® 8.3 1.25 10 wt. % in
C.D.Cl,
BPA-PC 1.47 0.222 Bulk

*Structures for these polycarbonate analogs are shown in Fig. 1.
"From Refs. 41 and 42

one might surmize that the potential is similar to a square
well with rotational diffusion occuring in the bottom of the
well but extending over a range less than complete anisotrop-
ic rotation because of a rapid rise in the potential when the
steric hindrance of the substituents comes into play. Similar-
ly, in bulk polycarbonate, restricted rotational diffusion oc-
curs in the nanosecond region over a certain angular range.
The angular range is now determined by intermolecular in-
teractions which must enter the potential rather rapidly but
do not greatly change the rotational environment inside the
range over which the restricted rotation ts observed. The fact
that the amplitude of restricted rotation grows with T'/2
dependence and does not go to zero amplitude at absolute
zero remains as a point for further consideration.

The observed carbon-13 T’s at different points across
the CSA tensor are all near 1 s, though since there is a disper-
sion of relaxation times the decay rate cannot be character-
ized by a single time constant. The near total lack of an orien-
tation dependence is reproduced by the correlation function
developed to summarize the dynamics as shown in Figs. 2
and 3. If a single exponential correlation time for the 7 flip
process characterized the dynamics, a reasonably strong de-
pendence of refaxation on orientation would be expected as
shown in Table II. It is clear that this orientational depen-
dence is obscured by the distribution of correlation times
arising from heterogeneity of the glass. This effect may be
generally evident in systems exhibiting dynamic behavior of
a distributional character.

As mentioned in the interpretation, it was necessary to
introduce another refaxation pathway to produce agreement
between the observed natural abundance carbon-13 MASS

TABLE I1. Prediction of the orientation dependence of a carbon-13 T, at
28 kHz based on m flips with a single correlation time of 100 as and no
libration.

B T, (ms)
0 182.0
15 8.7
30 30
4S 22
60 2.8
75 7.0
90 26.3

T\, and the dynamic description. The T, dispersion in the
natural abundance data is considerably reduced from the
prediction based on the inhomogeneous distribution. This
loss of inhomogeneous character which is specific to the car-
bon T, data and not the carbon T, data must derive from a
source which selectively influences the T, behavior.

At least two possible sources of an additional relaxation
pathway can be envisioned. In Schaefer’s motional interpre-
tation of glassy polycarbonate, main-chain wiggling is pro-
posed*® but such a motion has not been included in the mo-
tional description presented here. Main-chain wiggling is
also suggested 10 occur in the kHz frequency regime so that
it would contribute more to the carbon-13 T, , and less to
carbon-13 T, thus providing th': source of relaxation needed
to reconcile the correlation and the carbon-13 T, , data. One
would think that proton T',, data at the same temperature
would be equally affected by main-chain wiggling but this
data served as the primary temporal basis for our quantita-
tive description and main-chain wiggling was not intro-
duced.

An alternative explanation for the additional relaxation
pathway is a spin-dynamics contribution.? In fairly rigid,
tightly proton dipolar coupled polymeric systems, an addi-
tional spin-spin pathway through the proton reservoir has
been identified. The time constant for this pathway is re-
ferred to as T 2,, which would be identified with T, of Eq.
(67). This pathway would not contribute to carbon-13 T,
nor to either proton T, or T, relaxation. The radio field
strength dependence of the carbon-13 T, has been ob-
served” and is not indicative of a single time constant spin—
spin relaxation pathway. Schaefer'* has placed an experi-
mentally determined upper bound for the spin—spin transfer
rate of 50 ms which is a little more than twice the 21 ms
estimated here. An additional theoretical estimate can be
made using equations presented by Schaefer*® or by Cheung
and Yaris** in combination with data given by Schaefer*®
and such an estimate is a factor of 50 greater than the 21 ms
value.

The inability to cleanly interpret the carbon-13 T, data
with the same approach which accounts for other relaxation
data is disconcerting though as mentioned about 80% of the
carbon T, relaxation is predicted by the model. Stated in a
positive fashion, the correlation function presented here
does account for the carbon-13 chemical shift anisotropy
line shape collapse as a function of temperature,’ proton 7,
and T, over more than a 200 deg range, and carbon-13 T,
data both across the chemical shift anisotropy pattern and
under MASS conditions.

The correlation function developed for this interpreta-
tion includes 7 flips of the phenylene group and phenylene
group libration about the same axis with a number of asso-
ciated parameters. The geometry of the 7 flip process and the
angular amplitude of the libration is determined from the
line shape process. The temporal aspects of the 7 flip process
at a given temperature requires assignment of a correlation
time and a breadth parameter, the latter being the fractional
exponent in the Williams-Watts function. At each tempera-
ture the assignment of actual numbers is made to match the
state of the line shape collapse and the proton T, value. The

J. Chem. Phys., Vol. 86, No. 12, 15 June 1987




ey -

L i Jaibe ar

N, Mg e, e e

temporal aspect of the libration is set primarily from the
proton T, value, though this relaxation time is still dominat-
ed by the 7 flip process and thus must agree with the descrip-
tion of the 7 flip process. The carbon-13 T, data provides a
check of the assignment of the 7 flip and librational param-
eters since these are interpreted without further adjustment.
In this sense, the model parameters are overdetermined by
the data base.

The same temporal description of the 7 flip process also
predicts the position and breadth of the shear mechanical
loss peak’ which is a reassuring check of the model. Along
this same line, the apparent activation energy of the correla-
tion time in the fractional ¢exponential matches that deduced
from shear mechanical data.
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Local Intermolecular Structure in an
Antiplasticized Glass by Solid-State NMR

An antiplasticized glass is a combination of a polymer
with a low molecular weight diluent which resulits in a
material with a higher modulus.!? The increase in modulus
is associated with a suppression of local chain motion,? and
this suppression can sometimes be directly observed as the
disappearance of a low-temperature mechanical loss peak*3
or as the slowing of a specific local reorientation in a
solid-state NMR spectrum .38
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Figure 1. (a) Sulid-state carhnn-13 MASS pulse sequence for
the measurement of spin diffusion. The pulse sequence begins
with the normal cross polarization procedure. The first /2 carbon
pulse creates magnetization and the DANTE sequence selectively
inverts the labeled magnetization. The mix time allows for spin
diffusion between the inverted peak and the remaining resonances.
The last x/2 carbon pulse just places magnetization in the xy plane
for detection. (b) Solid-state carbon-13 MASS Pulse sequence
for the measurement of spin-lattice relaxation.’
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Several mechanisms have been suggested for the increase
in modulus and the associated suppression of sub-glass
transition motion. A densification of the antiplasticized
polymer is often noted®* that is identified with a loss of
free volume and thus a suppression of motion. At first
glance, the addition of a low molecular weight diluent
would be expected to increase free volume. Since just the
opposite is observed for antiplasticizer, this type of diluent
is supposed to go into the “holes” in the amorphous glass
so as to alter the free volume distribution.’

To a certain extent, this explanation begs the question
since it does not clearly identify the property that distin-
guishes a plasticizer from an antiplasticizer. Some in-
vestigators have proposed specific interactions between the
polymer and the diluent as the key property of an anti-
plasticizer.>*” It is the purpose of this report to seek
evidence for such a specific interaction by the presence of
a preferred position of the antiplasticizer relative to the
polymer repeat unit. The system to be examined is po-
lycarbonate (BPA-PC) and di-n-butyl phthalate (DBP).
The diluent, DBP, acts as an antiplasticizer at low con-
centrations and a plasticizer at high concentrations.?

The experimental approach for the determination of
local structure will be carbon-13 spin diffusion between
a labeled site on the DBP and various natural abundance
sites in the BPA-PC repeat unit. Carbon-13 spin diffusion
experiments have been developed®!? and have been used
to demonstrate intimate mixing in blends.!" However, no
observation of spin diffusion has been made prior to this
report which shows specificity at the level of chemical
structure in an amorphous glass. Atomic site selectivity
within a polymeric repeat unit has however been suggested
as a desirable possibility in carbon-13 spin diffusion ex-
periments.!!

Carbon-13 labeled DBP enriched at one of the carbonyl
sites was prepared from phthalic acid-a-13C (99%) ob-
tained from Merck, Inc. The phthalic acid was esterified
with unlabeled 1-butanol. Diluent samples of 10 and 25
wt % were prepared by dissolving DBP and BPA-PC in
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dichloromethane followed by evaporation. Unlabeled DBP
was also combined with BPA-PC in the same manner.

The one-dimensional solid-state magic-angie sample

spinning NMR pulise sequence used to detect spin diffusion

is shown in Figure 1. The time course of the experiment
is conveniently divided into four periods, analogous to
two-dimensional NMR experiments.!* In period 1, car-
bon-13 magnetization is prepared by using standard cross
polarization techniques. The phase-alternated 90° pulse
duration was typically 5.5 us, and the spin-lock and contact
pulses were 2 ms in duration. At the end of the cross
polarization, the enhanced carbon magnetization is aligned
along the x axis. A 90° pulse is then applied along the y
axis, rotating the magnetization parallel to the z axis. At
the beginning of the evolution period, a DANTE pulse
train is used to selectively invert the peak corresponding
to the labeled carbon.? This is accomplished by centering
the radio-frequency field at the selected peak and applying
18 pulses of 0.8-us width with a pulse interval spacing of
75 us. Hence the total time duration of the pulse train is
1.3 ms. These parameters correspond in the frequency
domain to a series of pulse sidebande with a spacing of 13.3
kHz, an excitation width of approximately 670 Hz, and a
resulting flip angle of 180°. Since the spectrum width is
25 kHz, only the selected peak is maximally affected by
the DANTE puise train. In addition, protons are decou-
pled during this period in order to prevent spin diffusion
from occurring.!® During the mixing period, the proton
decoupler is turned off, broadening the carbon line widths
and causing the peaks to overlap. Carbon-13 magnetiza-
tion relaxes by spin diffusion and spin-lattice relaxation
during this period. A 90° pulse (phase aiternated in
parallel with the initial 90° pulse in the preparation period)
then rotates the magnetization into the xy plane for de-
tection. Any nonlinear effects of the DANTE sequence
will be constant for different mixing periods and thus
decay times will be essentially unaffected.

T, experiments are performed on unlabeled DBP-
BPA-PC blends by using the same sequence as the spin
diffusion experiment but without the DANTE pulse train.
The pulse sequence is essentially identical with that de-
scribed by Torchia! for measuring T, and is shown in
Figure 1.

A Bruker WM-250 spectrometer with an IBM solids
accessory module was used to perform carbon-13 magic-
angle sample spinning experiments at 62.9 MHz. The
magic-angle spinning rate was 3.5 kHz, and the measure-
ments were made at ambient temperature (21 °C). In
order to perform these experiments, two modifications of
the IBM solids accessory were required. The noise-
blanking circuitry was modified to allow the application
of multiple pulses in the carbon-13 transmitter channel.
Without this modification, the length of the DANTE pulse
sequence and the mixing time are severely constrained.
Furthermore, a safety feature limiting the total time span
of any single experiment to approximately 1 s was altered
to permit single experiments requiring up to 10 s. This
is necessary to obtain data with mixing times greater than
1s.

A spectrum for the antiplasticized polycarbonate is
shown in Figure 2 along with peak assignments. The
spectra generated hy a typical one-dimensional spin dif-
fusion experiment are shown in Figure 3 where the labeled
peak is inverted and the intensities of the BPA-PC reso-
nances are monitored as a function of mix time. Figure
4 displays several decay curves of signal amplitude vs. mix
time for some of the resonances corresponding to single
BPA-PC atomic sites. These data are compared with the
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Figure 2. MASS spectrum of polycarbonate antiplasticized with
di-n-butyl phthalate. Various resonances are identified with the
molecular structure. (Chemical shifts: C,, 167; C,, 149; Cs, 127,
Ca 120; Cg, 62; Cg, 42; C, 31; Cq, 13 ppm). Note that peak 2 is
a composite of three chemically distinct carbons that can be
resolved in solution.
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Figure 3. Typica) spectra obtained during the spin diffusion
experiment with inversion of the labeled carbon site.

decay of signal amplitude observed in the T, experiment
on the same sites in the comparable unlabeled sample.

The presence of spin diffusion is indicated by an ac-
celerated decay rate of the magnetizations of BPA-PC sites
in the DANTE experiment relative to the decay rate ob-
served in the simple T, experiment. This is clearly seen
in Figure 4a where the quaternary aliphatic carbon in the
25 wt % sample decays more rapidly in the experiment
with the inverted DBP carbonyl magnetization than in the
simple T, experiment. The change in decay rate can be
roughly quantified by fitting both types of decay curves
to a single-exponential time constant over equivalent time
regimes with the typical linear least-squares procedure.
Since some of the decay curves are nonexponential, this
procedure is only suitable for qualitative comparisons, and
the resulting time constants are listed in Table I.

A perusal of the decay curves in Figure 4 and the decay
rates in Table | shows a clear difference between the 10
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Figure 4. Decay curves ohserved in the spin diffusion experiment
(D) with the labeled DBP and the spin-lattice relaxation ex-
periment (A) with unlabeled DBP: (a) amplitude of the BPA-PC
quaternary aliphatic carbon resonance at 25 wt % DBP; (b)
amplitude of the BPA-PC protonated aromatic carhon (4) reso-
nance at 25 wt % DBP; (c) amplitude of the BPA-PC quaternary
aliphatic resonance at 10 wt % DBP.

wt % sample and 25 wt % sample. In the plasticized
sample at 25 wt %, resolved lines corresponding to the two
protonated aromatic peaks and the quaternary aliphatic
peak all show significant spin diffusion in the form of an
increased decay rate in the DANTE experiment on the
labeled system relative to the T, experiment on the un-
labeled system. This indicates molecular level mixing with
spatial proximity on a distance scale of angstroms.!! At
the lower concentration of 10 wt %, corresponding to an-
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Table 1
Decay Times (in s8)
25 wt % DBP 10 w¢ % DBP
BPA-PCsite DANTE T, DANTE T,
methyl 0.08 0.11 0.08 0.09
quaternary 1.59 3.37 3.23 3.13
aliphatic
phenyl 3 1.77 4.99 1.83 5.05
phenyl 4 1.90 4.39 1.95 470
b
[£}) f1e
Tra

Figure 5. Pictorial representation of the relative location of DBP
to the repeat unit of BPA-PC. The heavy lines indicate inter-
molecular distance from the labeled carbonyl: r,4 is to the pro-
tonated aromatic carbon nearest the quaternary aliphatic carbon,
ri4 i3 to the protonated aromatic carbon nearest the carbonate
group, and 74 is to the quaternary aliphatic carbon. The location
of DBP is such that rig > ri3 > ry,, in agreement with the observed
spin diffusion rates. The asterisk indicates the labeled carbonyl.

tiplasticization, the relative rate situation to the several
BPA-PC sites is distinctly different. Significant spin
diffusion is still seen for the two protonated aromatic sites,
but little spin diffusion is noted at the quaternary aliphatic
site. This distinction between the aromatic and the ali-
phatic sites is evident in Table I or the decay curves.

We believe the change in spin diffusion between the 10
wt % case and the 25 wt % case reflects a change in the
level of structurally specific relative positions between an
antiplasticized system and a plasticized system. Spin
diffusion is determined by several factors including spatial
proximity, relative orientation, and overlap of line shapes.!!
Since an amorphous glass is under study, a sum over all
orientations is observed, removing this as a possible source
of the difference. Changes in the overlap of line shapes
are an unlikely source of the difference since the quater-
nary aliphatic line shape would be the same at 10 and 25
wt %, both of which are glasses at room temperature. If
anything, the line width at 25 wt % should be reduced,
assuming enhanced mobility in the plasticized regime, but
this is where more spin diffusion is observed. This leaves
spatial proximity as the remaining factor, and indeed spin
diffusion depends on distance to the minus sixth power,
which could certainly lead to pronounced effects.

If spatial proximity is the controlling factor, then the
labeled carbonyl of DBP must be closer to the quaternary
aliphatic carbon on the average in the 25 wt % case than
in the 10 wt % case. Spin diffusion to the protonated
aromatic carbons is still seen at 10 wt % just as it is at 25
wt %, so the spatial proximity to the phenylene groups
must persist at 10 wt %. Thus the carbonyl ester of DBP
must be near the phenylene groups but removed from the
quaternary aliphatic site at 10 wt %. At 25 wt % this
intermolecular structural specificity is lost and the labeled
carbonyl is near both the phenylene and quaternary ali-
phatic sites.

Figure 5 depicts the position of the labeled DBP car-
bonyl at 10 wt % relative to the BPA-PC repeat units so
that spatial proximity to the phenylene groups is maxim-
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ized while spatial proximity to the quaternary aliphatic
group is minimized. This picture is a greatly simplified
representation and the proposed order is also localized.
However, the spatial criteria for the placement of the DBP
carbonyl derived from spin diffusion lead to a location of
this functional group near the carbonate of BPA-PC. This
is consistent with the presence of a specific interaction
between the antiplasticizer and the polymer as postulated
in some of the classic models of antiplasticization.’’

At higher concentrations of DBP structurally selective
spin diffusion is not observed and plasticization behavior
commences. This indicates a loss of specific relative spatial
pusitioning, and, in our view, this corresponds to the
presence of DBP molecules near BPA-PC units that are
not at a specific relative position and are not interacting
with a particular functional group of the BPA-PC unit in
question. The presence of nonspecifically interacting di-
luent is the cause of the onset of plasticization behavior,
again in agreement with the premise of certain of the an-
tiplasticizer-plasticizer models.347

In this report we have qualitatively connected struc-
turally selective spin diffusion with preferential disposition
of diluent molecules relative to the polymer chain in an
antiplasticized glass. Currently a more quantitative ap-
proach involving numerical analysis of the decay curves
based on coupled differential equations describing the
concurrent contributions of spin-lattice relaxation and spin
diffusion’! in conjunction with a lattice mode! to count
diluent-polymer contacts is under development. At this
stage, carbon-13 spin diffusion appears to be at least ca-
pable of identifying local structure in multicomponent
amorphous glasses. The method holds promise for the
determination of intermolecular structure in other
amorphous systems such as polymer blends where local
interactions are presumed's but only identified in special
cases such as hydrogen bonding.!®* More detailed models
of intermolecular structure could result from a quantitative
analysis of spin diffusion and from studies involving la-
beling several chemical positions of a given component.
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INTRODUCTION

The mobility of sorbed gases in polymers is an inter-
esting scisntific probles with importamt technological {m—
plications., Coneiderable effort has been iavested in under~
standing the sorption, diffusiom, permeability and perm~
selectivity of gases in polymers. The impetus for the work
comes from spplication of polywers in gas separstioal and in
packaging.?

At present there is disagreement about the description
of the state of sorbed gas in glassy polymers. Two models
embody the current controversy: the dusl-mode mode13-7 and
the matrix model.3:9 various techniques have been employed
to investigate the interaction between the sorbed gas and
glassy pol;-‘n.l-lo'“ MR experiments have been performed
by AssinklZ on NHy eorbed in polystyrene but 1ut.nut,t§on
of his results became a subject of heated contronnz. ,
Receatly Sefcik and Schaefer and thelir coworkers!ds 14 have
performed carbon-13 MR investigations on s COy-poly(vinyl
chloride) system and obtained some intereeting results.

Ve have carried out a NMR study of carboa dioxide
sorbed in bisphenol-A polycarbonate (BPAPC). The CO2-BPAPC
system has been widely studied by classical sorption and
permesbility techniques. As & polymer, BPAPC is one of the
bast characterized amorphous glasses with considerable
attention paid to molecular dynamics.l5-19 The mobility of
the CO; was monitored by spin lattice relaxacion axperinents
ou carbon-13 labelled COj.

EXPERIMENTAL

Ssmple Preparations: Lexan polycardonate obtained from
General Electric Co. were used in one of the following two
forms: (1) cylindrical block (7 mm in diameter and 30 wm in
length); (i1) rectangular strips (0.127 wm x 0.5 =m x
40 wm). The block or strips were placed in a NMR pressure~
valve glass tube (manufactured by Wilmad Glase Co.) and
avacusted to remove the sorbed air. Messured amounts of en-
riched 13c0, (99.8%, Merck & Co.) vere introduced into the
NMR tube and the CO; pressure changes were moaitored with a
transducer-electrometer system as & fuaction of time.
Approximate diffusion coefficieats calculated from che race
of sorption were in general agreement with the published
values.3:%:7 ¥lame sesled glass tubes were also used for
NMR messurements at different temperstures.

NMR Measurements: Carbon-13 spin-lattice relaxzation
times vere messured at Larmor fraquencies of 22.6, 62.9 and
126 MHz on Rruker SXP 20~100, W¢=250 and WM-500 PT NMR spec-
trometers, respectively. Proton spin-lattice relaxation
times in the rotating frase were measured at a radio~
frequency field strength of 1.0 mT using a standard /2=
phase-shifted locking pulse sequence. Temperature control
was maintained to within 1 K with Bruker tesperature con~
trollers.

RESULTS

Values of carbon-13 T|'s are obtained for x3(:()2 sorbed
in BPAPC polymer at three Larmor frequencies and as s func-
tion of temperature and CO; pressure. The experimental re-
sults are shown in Figures | and 2. C spectra at the
higher frequencies clearly revesl increased shielding for
the sorbed CO; with respect to the free gas and an increase
in line width for the sorbed species relative to the
free gas. (Separate resonances are clearly discernible in
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samples containing both sorbed and free gas with a chemical
shift of 3.7 ppa indicative of a chemical assoclation.) At
room temperafure the line is still relatively narrow
(~60 Hz) but it broadens to nearly 4000 Hz at -60°C.

The Nuclear Overhauser Enhancement (NOE) of 13c0; was
aeasured at 300 K and 5 atm CO; pressure for the three
Larmor frequencies and the results are shown ia Table I.
The values obtained are indicative of a relatively small
dipole-dipole contribution to the relaxation even at the
lowest frequency where it can be estimated to be 13Z.

INTERPRETATION

We proceed to analyze the T; data assuaing three re-
laxation machanisms: spin rotation (SR), chemical shift an-
1sotropy (CSA), and dipole-dipole (DD). The pertinent equa-

tions are:

1/T) = (U/T)gp + (1/Ty)gsa + (1/T))pp n
(1/T))gg = (6Ik'l'/3hz)cirsg (2)
(1/T)csa = (2/19)w?(a0)rcsa (3

(1/T)pp = (3/6)(321/605)vzy;h2(ﬂA/1000)(le/bD)
(Jg + 3J) + 6J3) )
Jo = Jolug = wgdi Jg = Jilwe)s Jz2 = J2(ug + we) (s)

Jw) = (1 + 52/8 + 22/8)/(1 + z + 22/2 + £3/6 +
424/81 + 25/81 + 26/648) (6)
£ = 2uty)1/2; oo = b2/D, ¢))
(NOB)pp ~ 1 = (yo/vu)(6J7 = Jo)/(Jq + 3I| + &J2) (8)

Bquatigns 4 through 7 are those glun by Polnaszek snd
lmatz based on Freed's theory 1 4nd the main quantities
of fanterest to us sre three corrslation times rgp, tcsas and
te, 88 well as the translgtionsl diffusion constant De. The
procedure for obtaining these quanticies are illustrated
below.

At 300 K and 22.6 MHz we have two experimental quanti-
ties: Tp; = 6.0 s and NOE = 1.25., The percent of the
dipole~dipole msechanism, IDD, operating under these condi-~
tions {s given by

WD = 100 ((NOE) ~ 1)/((NOE)pp - 1) =~ 100 T{/(T)pp (9)

Since the functional relacions for (NOE)pp vs. ty and (Ty)pp
vs. te are known from Equation 8 and Equation 4, respective-
ly, one can solve for r, and then for IDD. Using this v
value one obtains the values of (T))pp at 22.6 MAz and at
[26 MHz, Now one has two equations of the type,

(1/T1)gg + (1/T))cga = 1/T) - (1/T))pps oOF
(1/T{)gp + 3.025 x 108 rogs = 0.189 (at 22.6 MAz) (10)

and

(1/T))gp + 9.332 x 10 tcgy = 0.453 (st 126 MHZ) (11)

From Equations 2, 10, and 11, two correlation times tgp and
TCSA are obtained. Using these values of 1y, tgr and tcsa
we then test the consistency with the data at 6%.9 MHz, spe-

cifically the value of tgp. The results at 300 K and 5 atm
are summarized in Tables [ and II.




CONCLUSIONS

At high field the dominant source of relaxation is the
cheanical shift snisotropy .elfnn yielding a correlstion
time for rotatiom of 2.9 x 10-11 o, "A¢ a1 frequanctes,
spin rotation is isportaat sad lesds to a collision correla-
tion tims of 3.9 x 10713 o, At the lowest frequency, a
dipole—dipole contribution fis ocbserved which leads to a cor-
relation time for tramslsciomel diffusfom of 1.2 x 10-10 4,
This can be converted te & Cramslattiomsl diffusioa constant
Dy 1f che diatasce of cl.-est approsch b 1s known. If we
sssume the value of b t» tell in the rangs of 0.2 to 0.3 nm,
then the value of D, should fall ia the range of (3 ~ 8) x
1076 ca2/s. 1n terms of beth rotstiosal and tranelational
sotions, these MR results are iandicative of very mobile
CO2. 1In fact the valwes of D, estimated from the MR datas
are shost two orders of magnitewde grester than those ob-
tained by macroscopic sussurements, e.g., by msasurement of
C02 permsation through polymer sswbrases. 22 While the MR
estimate of D, is aot precise, it would appeer that local
tragslation way be more rapid than mscroecopic translation.
Locally fast translation could de reduced dy bdarrier regions
in the heterogeneous glass leading to the observation of
slower mscroscopic diffusioa.

ACKNOWLEDGCEMENT

We gratefully acknowledge the assistance of the staff
at Yale University Chemistry Depsrtment lnstrumentation
Center for use of their Bruker WM-500 MR spectroweter.
This cvesearch was carried out with a partial support of the
NSF Grant DMR-8108679 and of the U.S. Army Research Office
Grant DAAG 29-85~K0126.

REFERENCES

(1) See, for example, "Industrial Gas Separacions,” ed.
T.E. Whyte, Jr., C.M. Yon and E.H. Wagener, ACS Symp.
Ser. 223 (1983).

(2) P. Masi and D.R. Paul, J, Membrane Sci. 12, 137
(1982,

(3) P, Meares, J. Am. Chem. Soc. 76, 3413 (1954).

(4) R,M, Barrer, J.A. Barrie and J. Slater, J. Polym. Sct.
27, 177 (1958),

(5) D.R., Paul and W.J. Koros, J. Polym. Sci. Polya. Phys.
Ed. 14, 675 (1976).

(§) D.R. Paul, Ber. Bunsenges. Phys. Chem. 83, 294
(1979).

(7) R.T. Cherm, W.J, Koros, E.S. Sanders, S.H. Chen and
R.B, Hopfenberg, in “Industrial Gas Separation” (see
ref. 1), pp. 47-73 and the references cited therein.

(8) D. Raucher and M.D Sefcik, {n "Industrial Cas Separa-
tione” (see ref. 1), p. 111,

(9) R.J. Pace and A. Datyner, J. Polya. Sci. Polym. Phys.
Bd. 17, 437, 453, and 465 (1970).

(10) J.H. Wendorff and E.W. Flecher, Kollots~2. Z. Polym.
251, 876 (1973).

(11) JJ. Curro and R.~J. Roe, J. Polym. Sci. Polym. Phys.
Rd. 21, 1785 (1983).

(12) ?.:. Assink, J. Polym. Sci. Polym. Phys. Ed. 13, 1663

1975).

(13) M.D. Sefcik, J, Schaefer, P.L., May, D. Raucher and
S.M. Dub, J. Polym. Sci. Polym. Phys. Ed. 21, 1041
(1983).

(14) M.D. Sefcik and J. Schaefer, J. Polym. Sci. Polym.
Phys. Ed. 21, 1055 (1983).

(15) A.K. Roy, A.A. Jones and P.T. Inglefield, Macromole-
cules 19, 1356 (1986).

(16) A.A. Jones, Macromolecules 18, 902 (1985).

(17) J.J. Connolly, E. Gordon and A.A. Jones, Macrowole-
cules 17, 722 (1984).

(18) J.J. Connolly and A.A. Jones, Macromolecules 18, 906
(1985).

(19) P.T. Inglefield, R.M. Amici, J.F. 0'Gara, C.-C. Hung,
and A.A. Jones, Macromolecules 16, 1552 (1983).

(20) C.F. Polnastek and R.G. Bryant, J. Chem. Phys. 81,
4038 (1984). -

(21) J.H. Freed, J. Chem. Phys. 88, 4043 (1978).

(22) W.J. Koros, Ph.D. Thesis, University of Texas at
Austin, 1977,

(23) J.F. O'Gara, A.A. Jones, C.~C. Hung and P.T.
Inglefield, Macromolecules 18, 1117 (1985).

Table I: Contributions of thfersnt Mechanisas to the Spin-
Lattice Relaxation of CO2 in BPAPC Polymer at
300 K and 5 atn

e Ti/(8) wor  (Tsp(e)  (Tydcsals)  (Typp/s
22.6 4.6 1.25 5.6 113 3s
62.9 3,5 1,08 5.2% 15 39
126 2.1 1.00 5.6 3.7 4

*This value should be 5.6 » f{nstead of 5.2 s with a fitcing
error of about 62,

Table II: Correlation Times for Spin-Rotation, CSA, and
Translational Motion as well as Estimated Diffu-

sion Constants for 3002 in BPAPC Polymer
at 300 K and S atn

gp = 3.9 x 10-13 .; TeSA * 2.9 x 10711 4
te = 1.2 x 10710 4

3.3 % 1076 cm?/a 1f b = 2.0 om
Dt -

7.5 2 106 cn2/a 1f b = 0.3 nm

\22.9 Mz

140

62.9 MHz

o 1 . . 8 0w 12 9w 0w
Pressure (atm)

Figure 1: Experimental T| Dats for 1300, Sorbed in BPAPC
Polymer at 300 X as a Function of Pressure.

&

Iy 136 MMz

0 140 T 0 N0 mO0 0 W N0
Tomperarare (X)

Figure 2: Experimental T) Data for 13(.‘02 Sorbed in BPAPC
Polymer as a Function of Temperature.
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NMR [ '3CO, | Dynamics [ Polycarhonate

The maobility of carbon dioxide sorbed in bisphenol-A polyciarbonate polymer was
monitored by spin-lattice relaxation experiments on carhon-13 labelfed CO,. In addition
the line widths and nuclcar Overhauser cffect of sorbed '*CO. were measured as a
function of temperature. To interpret the temperuture and magnetic ficld dependence of
our dati, we are presenting a two-site modecl. U is a model containing miany parameters.
but it seems to be consistent with most of our experimental data.

Dic Beweglichkeit von Kohlendioxid. gelost in polymerem Bisphenol-A-polykarbonat.
wurde durch Mcssungen der Spin-Gitter-Relaxation an M C-markicrtem COy ermitielt.
Zusittzlich wurden die Linienbreiten und der Overhauser-Effekt des gelisten H'C0), afs
Funktion der Temperatur gemessen. Zur Interpretation der Temperatur- und Feldabhiin-
gigkeit unserer Lrgebnisse stelfen wir cin Zwei-Zustands-Madell vor. Das Modell enthilt
zahlreiche Parameter, doch scheint es mit den meisten unscrer experimentetlen Daten
vercinbar zu sein.

Introduction

The mobility of sorbed gases in polymers is an interesting scientific problem
with important technological implications. Considerable effort has been
invested in understanding the sorption. diffusion. permeability and perm-
selectivity of gases in polymers. The impetus for the work comes from
application of polymers in gas separation [1] and in packaging including
softdrink bottling [2].

At present there is disagreement about the description of the state of
sorbed gas in glassy polymers. Two models embody the current contro-
versy: the dual-mode model [3—7] and the matrix model {8. 9]. Virious
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techniques have been employed to investigate the interaction between the
sorbed gas and glassy polymers {1, 10, 11). NMR experiments have heen
performed by Assink [12] on NH; sorbed in polystyrene hut interprctation
of his results became a subject of heated controversy [7. 8], Recently Scfcik
and Schaefer and their coworkers [13. 14] have performed carbon-13 NMR
investigations on a CO,-poly(vinyl chloride) system and obtained some
interesting results.

We have carried out a NMR study of carbon dioxide sorbed in bis-
phenol-A polycarbonate (BPAPC). The CO,-BPAPC system has bcen
widely studicd by classical sorption and permeability techniques. As a
polymer, BPAPC is one of the best characterized amorphous glasses with
considerable attention paid to molecular dynamics {15~ 19). Several types
of NMR experiments have been performed. First the mobility of the CO,
was monitored by spin-lattice relaxation experiments on carbon-13 labelled
CO,. Secondly, the line widths, and thirdly the nuclear Overhauser effect
(NOE) of '3CO, sorbed in BPAPC were measured as a function of tempera-
ture. (Some line widths in deuterated BPAPC were also measured.)

We are presenting a two-site model to interpret the temperature and
magpnetic field dependence of our data (7, NOE, and line widths of sorbed
13CO,; in BPAPC). It is a model containing many parameters. but it secms
to be consistent with most of our experimental data. Using the parameters
determined we can characterize the molecular dynamics of sorbed CO; in
the glassy polycarbonate.

Experimental

Sample Preparation: Lexan polycarbonate obtained from General Electric Co. were used
in one of the following two forms: (i) cylindrical block (7 mm in diameter and 3 mm in
length); (ii) rectangular strips (0.127 mm x 0.5 mm x 40 mm). The block or strips were
placed in a NMR pressurc-vilve glass tube (manufactured by Wilmad Glass Co.) and
evacuated to remove the sorbed air. Mcasured amounts of enriched '*CO; (99.8%,
Merck & Co.) were introduced into the NMR (ube and the CO, pressure changes were
monitored with a transducer-clectrometer system as a function of time. Approximate
diffusion coefTicients calculated from the rate of sorption were in gencral agreement
with the published values [5—7]. Flame scaled glass tubes were also used for NMR
mcasurements at different temperatures.

NMR Measurements: Carbon-13 spin-lattice relaxation times were measured at
Larmor frequencies of 22.6, 62.9 and 126 MHz on Bruker SXP 20-100. WM-250 and
WM-500 FT NMR spectrometers. respectively. NOE data were obtained by using a gated
decoupling technique {20). A decoupler power of 6 or 12 W was applicd for the NOE
measurements at 22.6 MHz. Resonance line widths were obtained dircctly from the
spectra and the value of T, were calculated from the formula. T; = (7 x line width) .

Results

Experimental values of the spin-lattice relaxation time. 7. for '*CO,
sorbed in BPAPC polymer at various pressure. temperature, and Larmor
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Table 1. Experimental T, data for '?CQ; sorbed in BPAPC polymer.

P/atm Temperature/K Ty/s

22.6 Mz
5 —6 (block) 233 633
5—6 (block) 253 6.0
5—6 (block) 273 55
5—6 (block) 300 4.6
5—6 (biock) 333 46
62.9 MHz
5—6 (biock) 213 54
5—6 (block) 242 49
5—6 (block) 22 416
5—6 (block) 300 35
1.5 (strips) 300 33
7.5 (strips) 333 33
7.5 (strips) 363 33
7.5 (strips) 393 33
14.6 (strips) 300 2.7
126 MHz
5—6 (block) 213 5.7
5—6 (block) 243 36
5—6 (block) 300 2.2
1.5 (strips) 300 2.0
7.5 (strips) 333 20
5—6 (block) n 2.7
7.5 (strips) 375 2.0
14 (strips) 3o 1.6

frequencies are presented in Table 1 and plotted in Figs. 1 and 2. While T,
seems to decrease slightly with the increase of carbon dioxide concentration
in the polymer, Tdiminishes considerably with the increase of the magnetic
field strength (from 22.6 MHz to 126 MHz). The effect of temperature is
noteworthy: At 233 K, T, is 5 to 6 s and it shortens significantly with the
increase of temperature up to 300 K, but then T, becomes constant and
remains unchanged when the temperature is increased above 300 K up to
around 380 K.

The nuclear Overhauser effect factor (NOEF) of the sorbed '*CO, in
BPAPC at 6 atm was found to be 1.00 at 126 MHz and 1.08 at 62.9 MHz
both at 300 K. These data seem to indicate the absence of the dipole-dipole
(DD) relaxation mechanism at the highest field (126 MHz) and a marginal
presence of DD mechanism at the intermediate field (62.9 MHz). In
contrast, at the lowest field (22.6 MHz), we found the values of NOEF to
be substantiaily greater than one and to increase considerably with the
dccrease of temperature. These data are summarized and shown in Table 2.
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o 22.6 MH2

T /s

ZL \
. 126 MH2
—r

] 2 4 6 8 10 12 4 6
Pressure/atm

Fig. 1. Experimental 7, data for '3CO, sorbed in BPAPC polymer at 300 K as a function

of pressure.
22.6 MHz
\p\ 62.9 MHz
2 o .
- 3r
126 MHz
2F
I+

o L L e - A - s L e,
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Fig. 2. Experimental T, data for '*CO; (5—17.5 atm) sorbed in BPAPC polymer as a
function of temperature.
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Fig. 3. Carbon-13 tine widths of '>*CO, sorbed in BPAPC polymer as a function of
temperature.

Table 2. Nuclear Overhauser effect factors (NOEF) of sorbed '3*CO, (6 atm) in BPAPC

polymer block.
Larmor TiK NOLF Uncertainty
frequency in NOEF
22.6 MHz 213 1.55 0.07
233 1.40 0.04
253 1.33 0.03
273 1.28 0.03
300 1.25 0.03
313 1.28 0.03
333 1.28 0.0}
353 1.28 0.03
629 MHz 300 1.08 0.03
126 MHz 300 1.00 0.03

The observed carbon-13 line widths of '3CO, sorbed in BPAPC arc
plotted as a function of temperature in Fig. 3. As can be scen from Fig. 3,
the line width broadens greatly when the temperature is lowered below
273 K. The striking line broadening indicates the presence of immobilized
CO, molecules in the polymer at low temperatures. Approximate values of
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Table 3. T, valucs calculiuted from the C-13 linc widths of sorbed '3CO, (S—6 atm) in
BPAPC polymer.

T/IK Tyins
22.6 Mtz 62.9 Mitz 126 Miiz,
190 1.08x 10°*
213 3.43x107¢ 8.44x10°°
233 6.06x10"*
243 267x10 4
253 1.28x 1073
273 31 x1073 1.27x 103
300 45 x107? 2.23x107°
313 49 x1073 482x107?
333 5.1 %1073 86 x107?
353 5.6 x1072 1.22x 1072
363
375 127x 1072 1.77x 1072

Table 4. Carbon-13 line widths and T, of sorbed '3CO; (6 alm) in deuterated BPAPC
polymer strips at 22.6 MHz. (Dcuterated BPAPC is 85% dy4 and 15% dy) (C-13 peak
consists of threc components: '*CQ, gas peak. '*CO; sorbed-in-polymer peak, and a
gap of about 66 Hz scparating these two peaks).

T/K Line Tafs

width/Hz
188 %70 3.66%10 ¢
233 163 1.95x 1073
253 123 2.59%x10°3
273 115 2.77%x 1073

K1k} 96 3.32x10°?

the spin-spin relaxation time T, are calculated from the line widths and
shown in Table 3.

Measured carbon-13 line widths and calcuiated T, of sorbed '*CO,
(6 atm) in deuterated BPAPC polymer strips at 22.6 MHz are listed in
Table 4. The deuterated polymer contains about 90% 2H and 10% 'H for
the hydrogens. At the Larmor frequency of 22.6 MHz, the C-13 peak
counsists of three components: '*CO, gas peak. '3CO; sorbed-in-polymer
peak, and a gap of about 66 Hz between these two peaks. At temperatures
of 188 and 233 K, the line widths of '*CO, in dcuterated polymer are
narrower than the corresponding line width of '3*CO, in protonated poly-
mer by a factor of about four. The observed NOEF of '*CO, in deuterated
polymer is 1.00 in agreement with the expectation of greatly diminished
dipole-dipole interaction.
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Interpretation of data at 300 K

Our first step is to interpret the 7, and NOE data at 300 K assuming the
presence of only one type of CO, molecules in the glassy polymer. In
the next section we shall present a “two-site model™ for the purpose of
interpreting the experimental data (Ty. NOE. and 7,) covering a4 wide
temperature range.

We proceed to analyze the 7T, data assuming three relaxation
mechanisms: spin rotation (SR), chemical shift anisotropy (CSA), and
dipole-dipole (DD). The pertinent equations are:

YT, =T)se + (1/T)esa + (1/Ti)oo (1)
1T = @IKTIIN)C s 2)
(/T )csk = (215 (w)?1csa (3)
(1/T)oo = (96 7/1620);&:F WA(NAJVO00X[HYBD)Jo + 3J, +6J3) (4)
Jo = Jolwn—wc); i =Jw): Jr=Jy(wy + o) (5)
J(@) = (1 4 5z/8 + z2/8)/(1 + =+ 2%/2 + 23/6 + 4:%/81

+ z%/81 4 2°/648) (6)
== Q)3 1, = bhD, (7)
(NOEF)pp — 1 = (yc/yul(6J2~ Jo)/(Jo + 3J, + 6J3) (8)

where the meanings of the symbols used are given in a glossary at the end
of this paper. Egs. (4) through (7) are those given by Polnaszek and Bryant
{21] based on Freed's theory [22] and the main quantitics of interest to us
are three correlation times tg. tcsa. and 1,. as well as the translational
diffusion constant D,.. The procedure for obtaining these quantities is
illustrated below.

At 300 K and 22.6 MHz we have two experimental quantities: 7T =
6.0s and NOEF = 1.25. The percent of the dipole-dipole mechanism,
%DD, operating under these conditions is given by

% DD = 100((NOEF) — 1)/((NOEF )y, — 1) =100 T, /(T ), - 9)

Since the functional relations tor (NOEF)g,, vs. 1, and (T)pn vs. 1, arc
known from Egs. (8) and (4). respectively, onc can solve for ¢, and then for
%DD. Using this t, valuc one obtains the valucs of (7)), at 22.6 Miiz
and at 126 MHz. Now onc has two equations of the type,

HT)sg + (/T )esa = V/T, — (/T )pp

or

(1/T)sp + 3.025 x 10% 1 = 0.189 (at 22.6 MHz) (10)
and

(1/T)sg +9.332 % 10° 1054 = 0.453 (at 126 MH7) . (14
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‘Tuble 8. Contributions of different mechanisms to the spin-lattice relaxation of '*CO, in
BPAPC polymer at 300 K und § atm.

Mlilz Ty/s NOE (T /s (Ty)esa's  (Todows a0 tACSA "LASR

226 46 1.25 5.6 113 35

13 4 bR
629 35 1.08 5.2° 15 19 9 24 67
126 2.1 1.00 5.6 37 44 5 57 8

* This value should be 5.6 s instcad of 5.2 s with a fitting crror of about 6%.

Table 6. Correlation times for spin-rotation. CSA, and translational motion as well as
estimated diffusion constants for '3CO, in BPAPC polymer at 300 K and 5 atm.

e =39x10 '3 Tesa =29x10 "'s
6 =12x10"15s

D = 33x10 % cm¥sif b=0.2 nm
‘T 17.5x107 % cm¥sif h=0.3 nm

From Eqgs. (2), (10) and (11)., two corrclation times tqp and 154 arc
obtained. Using these values of 1,. 1z and 154 we then test the consistency
with the data at 62.9 MHz, specifically the valuc of rsz. The results at 300 K
and 5—6 atm are summarized in Tables 5 and 6.

At high field the dominant source of relaxation is the chemical shift
anisotropy mechanism yiclding a correlation time of 2.9 x 10 '''s. At all
frequencies, spin rotation is important and feads to a collision corrclation
time of 3.9 x 1073 5. At the lowest frequency. a dipole-dipole contribution
is observed which leads to a correlation time for translationat diffusion of
1.2x 10795, This can be converted to a translitional diffusion constant
D, if the distance of closest approach b is known. If we assume the valuc
of b to fall in the range 0f 0.2 to 0.3 nm. then the value of D, should fall in the
range of (3 ~ 8) x 107¢ cm?¥/s. 1n terms of both rotational and translational
motions, these NMR results are indicative of very mobile CO,.

Two-site model

The method of treatment outlined above to interpret the T, and NOE data
seems to work fairly well at 300 K with a fitting error of about 5%,
However, when the samc method of treatment is applied to T, and NOFE
data obtaincd at low temperatures. it leads to farge fitting crrors. Morcover,
the line widths or 7', data arc not included in the above treatment.

The probable presence of more than one type of CO, molecules sorbed
in the polymer at low temperatures (273 — 190 K) is indicated by the obser-
vations that (i) T, values are still short (several seconds). but (i} the line
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widths increase greatly with the decrease of temperature (100 Hz 1o 3600 Hz
at Larmor frequency of 22.6 MHz). The observation (i) points to a liguid
like environment, while the observition (i) points to a solid like environ-
ment of CO, molecules. Thercfore. a two-site mode! wiil be developed to
describe the temperature and tield dependence of the observed data (77,
NOE, and line widths).

As before we consider three relaxation mechanisms: SR relaxation,
CSA relaxation, and intermolecular DD reluxation. The correlation time
tsg in Eq. (2) and CSA correlation time t¢s4 in Eq. (3) are assumed to be
given by Eqgs. (12) and (13), respectively.

Tsp = [/f’ “2)
Tesa = /16T (13)

where f” is the viscous retarding torque. These two equations will lead to
the Hubbard relation [24]. In the non-extreme-narrowing limit Eq. (3) is
generalized to

(/T \)csa = (2/15)w*(da) tesal(l + *tdsa) . (14)
The translational diffusion constant D, in Eq. (7) may be written as:
D,=kTjf (15)

where fis the translational friction cocfficient. We will assume that f'=
and f has an Arrhenius temperature dependence:

S=/Joexp(dH[RT) (16)

where 4H is the enthalpy of activation for the translational motion.
Applying this refation to the SR correlation time. we can calculate its value
at temperature T from its value at 300 K. designated as our reference
temperaturc:

tsp(7T) = 15x(300 K)exp(— (4 H/R)Y300 — T)/300 T . (17)

Similar cquations can be written for the CSA correlation time and for the
translational diffusion constant:

Tesa(7T) = 1csa(300 K)(300/Texp((d H/RX300 — T)/300 T) (18)
D(T) = D300 K} T/300)exp(— (A1 RY300 ~ T)j300 T) . (19)

Our attempts to describe the temperature dependence of 7. NOE. and line
widths based on these equations have not been successful. We assume.
therefore, that there are two types of CO, molecules with rapid interchange
of the two types. There may actually be continuous distribution of €O,
mobilities but, as a first approximation, we will treat the distribution as
bimodal (i.e., two components).
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Il rapid exchange occurs the relevant expressions for Ty and T, arc
YT, = PalTia+ Py/Tip and V/T;=Py/Top+ Py/Tp (20)

where P, and Py are population [tactions of the type A molecules and type
B molecudes, respectively. Each of the three relaxation mechanisms could
contribute in the two environments. Let us consider the mobile environment
to be A so that

UTia=(1/Tia)sa + (1/Tya)csa + (1/Tyadon - (2n

Euch of the equations developed before is applied to the three contributions.
For the immobile environment, the comparable expression is

1Tw=(1/Tp)s + (1/Tig)esa + (1/Taloo - (22)

However, since the slowly moving molecules do not have significant SR
relaxation contributions, the term (1/T,g)sa can be omitted.

1/Tia=(1/Tip)sa + (1/Tip)op . (22)

Now let us turn to the T, expression of Eq. (20). At high temperaturcs
(313—393 K), the observed T, is less than 100 Hz and is dominated by
static field inhomogeneity arising from the complex nature of the sample
(gas sorbed in strips of polymer). The key experimental cifeet to account
for is the broadening from 100 Hz at 273 K to 3600 Hz at 190 K. If the
correlation times developed at 300 K to interpret T, and the NOE are
indicative of the liquid like environment. then they contribute essentially
nothing to the low temperature line widths cven if they slow by an order
ol magnitude. The low temperature line widths must be dominated by the
immobile species. We have, therefore,

1Ty = Py/Tas and  1/Typ=(1/Tap)esa + (1/T2ndun (23)
The relevant T, expressions for the two refaxation mechanisms are

(1/T2)esa = (1/45)0%(40)*(3 tesai (1 + 0 tdsa) + 4 1esa) (24)
and

(1 T2)op = 3#3h*S(S + 1)(32 m;405)( N/ 1000)[H] {2J,(0) 25)
+ 05.’0 ((1)| - (J)s) + 1.5 J;((')l) + 3J|((l)s) + 3.,2((1)| + (')s): .

With regard to the translational difTfusion relaxation, carcfu! consid-
erations are required, since the translational difTusion is a mechanism (or
exchange between CO; in an immobile environment (B) and CO, in the
more mobile cnvironment (A). For conceptual convenience we identily
A as “dissolved™ (D) environment and B as “Langmuir™ (L) environment
of the dual-mode modc! [5, 23]. If we assume these environments Lo have
a distance scale of Angstroms. then there should be four possible types of
translational diffusions:
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(1) Translation from a dissolved environment to another dissolved
environment with a correlation time 1pp = h%/Dyp,.

(2) Translation from a Langmuir cnvironment to another Langmuir
environment with a correlation time 1y, = b2/ D,

(3) Transiation from a Langmuir environment to a dissolved environ-
ment with a correlation time 1 p = b?/Dyp.

(4) Translation from a dissolved environment to a Langmuir environ-
ment with a correlation time tp, = b?/Dp,..

The principie of microscopic reversibility requires that

Pp/tpr = Pi/tup of Pp/P =1p/Tp . (26)

We need, therefore, three correlation times, say, tpp. Ty, and 1 p. The
Arrhenius factor for translational friction coetficient 41 which appeared
in Eq. (19) also requires further specifications: 4Hpp, 4Hy ., and 4Hp.
We assume that 4H, p, the Arrhenius factor for the Langmuir to dissolved
process, is given by the mean:

AHLD=(AHLL+AHDD)/2' (27)

Thus. only two Arrhenius lactors, Al and Al arc necded.

The translational relaxation produced by each process should be
weighted by a population factor: the population of the site left multiplied
by the population of the site entered. Therefore, the 1, term should be
weighted by P?, the typ term by P3, and the'typ term by 2, Py,. The dipolar
relaxation associated with exchange between the dissolved and Langmuir
environments requires new term to be added to the expressions for T, T3,
and NOE, because the exchange term is associated with neither of the two

environments.
1/Tio= Po/(Ticsado + Pol{Tise)o + P3/(Tipp)p (28)
1T = PU(Ticsah + PE/(Tipoh. (29)
Y Tia= Po(1 = Po)(Tioolor + (1 ~ Pp)Po/(Tivplo (30)
YTy =1Tipo+ 1Ty +1/Te. 3

The equations for T, are quite analogous to the equations for T, given
above. To calculate the NOE we will use the following general formula:

NOEF —1 = (yu/yc) (Dipolar rate) / (Total rate) ((6J, —Jo) / (Jo + 3/,
+ 6J,) (32)

where

Dipolar rate = P3/(T\polo + P(Tipoh + Poll —Pp)
((1/Typo)o + (1/T1pplpL) (33)
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b - Table 7. Population distribution according to the dual-model model (obtained by an
: extrapolation of the temperature dependence reported by Chan and Paud {25] and on the
assumption that the dependence is parallel to that of PET given by Koros [23]).

/K Py Py

173 015 0.85
193 0.16 0.84
213 0.18 0.82
233 0.23 0.77
253 0.30 0.70
273 0.38 0.62
293 0.47 0.53
313 0.65 0.35
333 0.80 0.20
153 0.88 0.12
73 094 0.06
393 0.96 0.04

Table 8. Paramcters at 300 K uscd tor the two-site model calculations.

tsu(dissolved) =1L7x10""3s

tesal{dissolved) =5 x10" s tesalLangmuir) = Sx 107 %5
D(D-D)=Dpp =7 x10""cm?¥js AHpp = 6000 Jimol
D(D—-L) =Dy,  =45x10""s All e = 12000 )/mol
D(L—-L) =Dy =3 x10"'"" cm?/s h=32x10"%cm
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Fig. 4. Tempcerature dependence of T(. Comparison of calculated results based on the
two-site model and experimental valucs.
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Fig. 5. Temperature dependence on NOE. Comparison of calculated results based on the
two-site model and experimental values.

and “Total rate™ is given by Eq. (31). To calculate the values of J's in
Eq. (32) we define JT(i) such that

JT(i) = PEJIR) + PRI + PoPilJouli) + Jipli)) (34)
in which
Jo=JTQ2),J,=JT),and Jo =JTO).

We now report the results of our calculations using the two-site model.
The population distribution between the Langmuir and the dissolved
species is obtained by extrapolating the data of Chan and Paul [25] based
on the duai-mode model and is tabulated in Table 7. Nine parameters at
300 K are employed to fit the experimental data; these parameters are listed
in Table 8. The results of our computer calculations are presented and
compared with the experimental data in Figs. 4—6. As can be seen from
the figures, the agreement of the calculated results and experimental data
is good for NOE (with fitting errors of 10% or less). good for T, {with
fitting errors of 20% or less), and fair for T, (off by a factor of between 2
and 10). It should be remembered that our T, data are derived from the
line widths and not determined directly from the CPMG method. We
belicve that the parameters can be chosen more carefully to improve the
fit. In conclusion, the model seems to be able to describe the temperature
and field dependence of the observed T,, NOE. and 7, data semi-
quantitatively.

W
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Fig. 6. Temperature depcndence of T,. Comparison of calculated results based on the
two-site model and experimenta) values derived from line widths.

Discussion

The parameters gencrated by the two-sitc model arc of interest, since they
characterize the molecular dynamics of CO, sorbed in BPAPC polymer.
The values of parameiers (tsp. tcsa, and D,) determined earlier and given
in Table 6 are not greatly different from those listed in Table 8 and specified
as “Dissolved” and *“Dissolved — Dissolved™ (*D—D") of the two-site
model. At 300 K the population of CO; molecules in the mobile environ-
ment consists only about 53% of the total, but this 53% population
dominates and determines the experimental T, T, and NOE data. The
CSA correlation time of CO, in the immobile environment is 5x 108 s,
which is about 1000 times larger than the corresponding quantity
(5.0 x 10~ ' 5) in the mobile environment.

The transiational diffusion constant D, in different environments are
of particular interest. The value of D, in the mobile environment
(7x10~7 cm?/s) is about 2.3 x 10* times greater than the corresponding
value in the immobile environment (3x 10~'' cm?/s). For the process
of transfering sorbed CO, from a mobile environment to an immobile
environment, the value of Dy is 4.5 x 10~ 7 cm?/s which is greater than the
geometric mean of the other two diffusion constants. In their well-known
treatment Koros and Paul (5, 23] considered two diffusion constants (cor-
responding to our Dpp and D, ), but did not include the third diffusion
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constant Dy,,. Their values of diffusion constants for CQO, in BPAPC scem

to change slightly from one publication to another, and one of the recent

papers gives Dpp = 5.15x 1078 and Dy = 5.07x 10 "% cm?/s at 35 C [26}.
If we evaluate the meun diffusion constant D by the expression.

D = PZDDDD + PDPLDDL + I)LPDDLD + PiDLL~

we obtain D = 4.38 x 10”7 cm?/s. This value is not too far from the reported
diffusion constant (D =3 x 1078 cm?/s at 35 C) obtained by macro-
scopic measurements, e.g., by measurement of CO, permcation through
polymer membranes [1, 5, 23].

Concerning the chemical nature of the mobile and immobile
environments for the sorbed CO, in BPAPC polymer. we would like to
make the following suggestions. When a sorbed CO, molccule is sur-
rounded by carbonate groups of the polymer and engages in intermolecular
interaction of carbon-to-oxygen bonds, it may be in an immobile environ-
ment. When a sorbed CO, molecule is surrounded by methyl or phenylene
groups and engages in weaker intermolecular interaction, it may be in a
mobile environment.

The two-site (or two-environment) model is an over-simplified approach
and more elaborate multi-sitc model may be necessary 1o describe the
detailed molccular dynamics of sorbed gas in the glassy polymer.

In this paper we have focused our attention on the temperature and
field dependence of the NMR data of sorbed '*CO, under 5—6 atm in
BPAPC. We have not treated the pressure or concentration dependence
of the NMR data in this system. That will be a subject of our future
investigations. We assume that. with a larger data base and more sophisti-
cated simulation procedures. the model parameters can be determined with
a greater level of confidence and precision.
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Glossary of symbols

T,: Experimental value of the spin-lattice relaxation time
(1/T))sr: Relaxation rate by spin rotation mechanism

(VT ))esar Relaxation rate by chemical shift anisotropy mechanism
(1/T)pp: Relaxation rate by dipole-dipolc interaction mechanism
I Moment of inertia of CO,

k: Bottzmann constant
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T Temperature on Kelvin

h: Planck constant divided by 2 n

Cy: Spin-rotation coupling constant (—3.605 x 10* Hz)'*! tor iy
CO,

w: Larmor angular frequencies

da=0,~0o,: Difference in shielding (or chemicual shitt) along and perpen-
dicular to the symmetry axis of CO, (—3.35x 107%) (ref.)*

Tsg: Spin-rotation (or angular momentum) correlation time

TesA® Chemical shift-anisotropy (or rotational) correlation time

T, Correlation time for translational motion

Ye! Gyromagnetic ratio for carbon-13 nucleus

YH- Gyromagnetic ratio for proton

Na: Avogadro’s number

[H}: Concentration of protons in the polymer

b: Distance of the closest approach between '*C and protons -

Dy Diffusion constant for the translational motion of '*CO,

J(w): Spectral density function

(NOE)pp: Nuclear Overhauser effect when the relaxation mechanism
is 100% dipole-dipole

NOE: experimental value of the nuclear Overhauser effect

*Ref.: Beeler, Orendt, Grant. Cutts. Michl. Zilm, Downing, Facelli. Schindler and
Kutzelnigg, J. Am. Chem. Soc. 106 {1984) 7672.
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TWO-SITE MODEL FOR THE RELAXATION OF -3

SORBED IN GLASSY POLYCARBONATE

CO2

Edward J. Cain, Alan A. Jones, Paul T. Inglefield
and Wen-Yang Wen
Department of Chemistry
Wor er, Ma husetts 01610

Introduction:

There ars few spectroscopic investigacions of the
mobility of gases sorbed in polymers though thers is a great
deal of interest in the permsation properties of polymaric
f1lms.1-2 The solubility and parmeability of gases in poly-
mers has beaen studied and has led to the widely accepted
dual wode model.¥7 This model the pr of two
types of sorbed gas in glassy polymers: a Langmuir sorbed,
immobile species and a Henrys Law, mobile species. The pur-
pose of this study 1s to seek molecular lavel svidence from
MR spectroscopy for the presence of two types of CO; in
glassy polycarbonate.

Experimental:

Carbon-13 labeled CO; ia sorbed into a pellet of glassy
polycarbonate at a fixed pressurs contained in a 10 om NMMR
tube. The gas pressure is maintained in the NMR tube either
by sealing the tube or by closing a stopcock. Spin-lattice
relaxation times (T)), ouclear Overhauser snhan s (NOE)
and line widths of the 13002 are determined as a function of
temperature and Larmor frequency. The results are presented
in Figures 1-3.

Interpretation:

Three relaxation mechanisas contribute to carbon-13
relaxacion of the sorbed CO;. At low Larmor frequency
(22 Miz), the primary mechanisms are spin-rotation relaxa-
tion and intermolecular dipole-dipole relaxation between the
carbon-13 of the gas and the protons of the polymer. At
higher frequencies (62 and 126 MHz) an additional mechanism
comes into play, relaxation by chemical shift anisotropy.

1f only a single type of CO; i{s assumed to be present,
it is not possible to interpret the T), NOE, and line width
data as a function of temperaturs and Larmor frequency. In
particular, the line vidths are too broad to be consistent
with the Ty's under the assusption of a single dynamical
species. The second step in the interpretation is to par-
allel the dual sode model and assume the presence of two
sorbed species of differing modility. Since only a single
WK resonsnce is observed even in the T; experiment at vari-
ous delay times, it is further assumed that the two species
sre undergoing rapid exchange on the NMR time scsle. The
mechanism of exchange is translational di{ffusion since the
immobile Langmuir species is imsgined to involve certain
sites in the glassy polymer matrix wvhile the mobile Henry's
Law species is imagined to involve other sites. The two
types of sites are apatially separated and the gas molecules
are exchanged between the sites by translational diffusion.
Since there are two types of sites, thers are four possible
diffusion constants, though the four are interrelsted
through the populations of the two sites and the concept of
aicroreversibility.

The relaxation data was fit by s non-linear least
squares procedure and the fits are shown in Figures 1-3.
The parameters of the fit are listed below.

A Y (dissolved) = dinglved spin-rotation correlation
time = 2.7 x 1013

(dissolved) = dissolved rotationsl correlation

t
csA time = 4.5 x 10-1llg

23

A (Langmuir) = Langmuir rotational correlation
time = 5.7 x 107

Tes

D, = Henry'’s to Henry's diffusion = 4.1 x 10"6cm?/s

B H

= Henry's to Langmuir diffusion = 4.7 x 1076cal/s

Langmuir to Henry's diffusion = 7.0 x 10~6cn?/s
gmu.

EU

DLL = Langmuir to Langmuir diffusion = 4.5 x 10-1lcn?/s
Aﬂm = 1.3 kJ/mol Al!lm' = 3,2 kJ/mol

Alﬁ_ﬂ = 3.3 kJ/mol AHU_ = 5.2 kJ/mol

b = distance of closeat approach = 1.7 x 10~8¢m
Discussion:

The correlation times for rotational motion and colli~
sions for coz in the Henry's sitea is comparable to that of
low molecular weight li.quid8 such as CS,. The correlation
time for collisions in the Langmuir site ia too short to be
determined from NMR data but the correlation time for rota-
tion is much longer than a low moleculsr weight liquid and
is in fact comparable to that of a polyuer rubber.

The diffusion constants cover a very wide range with
the value associated with Henry's sites comparable to a low
molecular weight liquid while the time associated with
Langmuir sites is typical of a solid. The diffusion con-
stants determined here from NMR data span a greater range
than those determined from permeability data though the
range includes the permesability values. The diffusion con-
stants are derived from the intermolecular dipole~dipole
contributions to relaxation and reflect diffusion over very
short distances. This microscopic view of the NMR experi-
sent may well influence the determination of diffusion con-~
stants as may the twvo-site model with the inclusion of rapid
exchange by diffusion.

A more reasonable view of diffusion in a polymeric
glass might well allow for a wide range of mobilities as is
observed in other experiments on molecular dynamics in these
systens. 310 4 cuwo-sicte model ia frequently the simplest
approach to initislly spproximate a distridution but only a
large data base will allow for a sound determination of the
character of the diatribution.
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Introduction:

. The glass transition and wodulus of a glassy, amorphous
polymer can often be lowered by the addition of.a low molec-
ular veight diluent.1~4 The commonly proposed mode by which
this process of plasticization occurs is an incresse in the
‘rate or amplitude of moleculsr level motion. The presence

,of motion at the level of the chemical structure of the con-
. stituents of a glass can be followed by solid state NMR.

‘In particular, solid state line shapa collapse can often he
iused to determine the rate, amplitude and geometry of par-

- ticular motions defined with respect to the chemical struc-
. ture. In this report, the motion of the diluent itself will
,be monitored for consideration relative to the mechanical

and thermal properties8 of the modified polymeric glass.

The polymer syatem selected here is a blend of polysty-
'rene (PS) and poly(phenylene oxide) (PPO) where each compo-
!nent is present in equal amounts by weight. To this polymer
;blend, two diluents will be added at the level of 20T by |
weight. The first is trioctyl phosphate (TOP) and the sec~
‘ond is triphenyl phosphate (TPP). The mobility of these
diluents will be followed by phoaphorus-31 chemical shift

. anisotropy line shape collapse. The glass transition,

Young's Modulus, and dynsmic mechanical spectrum have been
determined in a separate study.8 Of special interest in the
dynamic mechanical spectrum is the observation that no subd~
‘glass transition loss pesk is present? uatil the diluent TOP

is added. 1

Experimental: '

. Preparation of the ternary blends and the associated
mechanical and thermwal properties are reported elsevhere.8
. The 31P line shapes were messured on a Bruker WN-250 at a
- frequency of 101 MHz and a sweep width of 100 kHz. The

; spectra are shown in Pigures 1 and 2 as & function of tem—
‘ parature.

i Interpretation:

-

high temperatures. This is an indication of motional
heterogeneity. The broad component is associated with
rather immcbile phosphate ester molecules located in apatial
reglons of the glass where intermolecular interactions re-
strict motion. The narrow component is associsted with
rather mobile phosphate ester molecules located 1in spatial
reglons of the glass where intermolecular interactiona are
weak and wotion is facile. This spatial heterogeneity of
the glags which leads to a dynamic heterogeneity exists onm a
molecular distance scale.

This description of motion and the spectra themselvea
are apparently bimodal. However, the bimodal characteristic
is probably superficial and the more correct description in-
volves a broad distribution of mobilities associated with a
broad distribution of intermolecular environments. The
distribution of wobilities can be more directly observed in
the dynsmic mechanical response of the material which shows
a broad loss pesk centered at -60°C. It 1s a ressonable
assumption to link this mechanical loss peak to the rota-
tionl0-13 of the diluent determined by NMR since this loss
peak is only present upon addition of the diluent. However,
a qusntitative link through a simultaneous interpretation of
the line shape collapse and the position and breadth of the
mechanical loss peak with a single correlation functiom
would support the aasertion of a relationship.”.1é A frac-
tional exponential correlation function will be used to try
to davelop the common interpretational base.

Although the motion of the diluent is isotropic, there
is still two possible modes of rotaticn. They are jump
diffusfon and Brownian diffusion and they lead to different
line shape collapse patterns.l5 Thegse patterns have been
predicted for the case of motion characterized by a single
correlation time and we are now trying to extend the predic-
tions for the case of a distribution of correlstion times
for comparison with the observed spectra. It remains to be
seen vhether the distinction between jump dfffusion and
Brownian diffusion can still be observed in the presence of
8 brosd distribution of correlation times.

The blends produced by the two different dilueats, TOP
and TPP, have very nearly the same glass transition temper-
ature. However, the temperature at which rotation of the
diluent commences is quite different as can be deteruined by
comparing Figures 1 and 2. The rotational motion of TPP is
substantially slower and a temperature increase of about 40°
is required to produce about the same level of 1line shape
collapse as is observed for TOP. As wae mentioned, there
is no correlstion of thie shift in rete of motion with the
glass transition temperature of the ternary blends How-
ever, a correlstion between the glaws transitfon temperature
of the pure diluent and the onset of rotation was noted ‘n
the mechanical and thermal studles® of these m.terials and
that view is decisively reinforced by the NMR data.
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! At low temperatures, both the phosphorus iine p
are those observed for rigid polycrystalline systems which
is indicative of little wotion. As temperature {s raised in :
the TOP system, line narrowing is apparent at temperatures ‘
beginning at ~40 to -20°C. By the time the temperature
approaches the glass transition of the ternary blend near

{ 70°C, the line shape 1s primarily a fairly narrow Lorentzian

iline indicative of nearly isotropic motion. Thus as the

. teaperature {s swept over a 100 degree range from ~40 to

{ #60°C the diluent goes from no wotion to rapid, tsotropic

! motion on the NMR time scale.

i Several other features of the line shape collapse and

! d1luent mobility can also be deduced. Line shape collapse

! occurs over a very broad tewperature range in this systea.

! At temperatures in the midst of the collapse process, the

' gbserved line shape consists of a broad component plus s

; narrow component. The broad component 1s close to the rigid

! 1ine shape observed at low tewperatures and the narrow com-
ponent is close to the Lorentzian line hape observed at

H 1
.

This research was carried out in part with support
from the U.S. Arwy Research Office Grant DAAG2985-K0126 and
National Science Foundation Grant DMR-8619380.

References:

1. W.J. Jackson, Jr. and J.R. Caldwell, Adv. Chem. Ser.
(1965) 48, 185.

2. W.J, Jackson and J.R. Caldwell, J. Polym. Sct. (1967)
11, 211 and 227.

" 3. R.E. Robertson and C.W. Joynson, J. Appl. Polywm. Seci.

(1972) 16, 733,

4. 17..H. Robeson and J.A. Faucher, J. Polym. Sci. B (1969)
2, 35,




i. H.W. Spiess, Colloid Polym. Sci.. (1983) 261, 193.

»» H.W. Spiess, in Advances in Polymer Sciencs, Vol. 66,
H.H. Kausch and H.G. Zachasnn, eds., Springer-Verlag,
Beriin (1985).

7. AK. Roy, A.A. Jones and P.T. Inglefield, Macromole-
coles (1986) 19, 13356,

R.P. Xambour, J.M. Kelly and B.J. McKioley, J. Polym.
Sci. Polym. Phys. Ed., submitted.

3. A.F. Yes, Polym. Eng. and Sci. (1977) 17, 213.

0. 8.K.B. Petrie, R.S. Moores snd J.R. Flick, J. Appl.
Phys. (1972) 43, 4318.

1. P.J. Bains and G. Williams, Polymar (1975) 16, 725.

2. R.W. Macher, G.P, Hallmen, H.W. Spiess, F.J. Horth,
U. Bcarius and M. Wehrle, Makrom. Chem. Suppl. (1985)
12, 189,

3. K. Adachi, M. Hattori end Y. lshids, J. Polym. Sci.
Polym. Phys. Ed. (1977) 13, 693.

4. A.A. Joues, J.P. 0O'Gars, P.T. Inglefield, J.T. Bendler,
A.F. Yea and K. Ngai, Macromolecules (1983) 16, 658.

5. H. Sillescu, J. Chem. Phys. (1971) 34, 2110.

RV

Np 14ne shapes of the three component systes:
PPO/PS/TOP as a function of temperature.

‘igure 1:

Figure 2:

. T aw '
0 I 0 '
. ‘ |
)
!
. o
o
-0 " 0 ;
i
! ‘
Y {
i
20 © |
!
oc e :

3p 1ine shapes of the three component systew:
PPO/PS/TPP as function of temperature.




Spectroscopic Studies of Diluent Motion in
Glassy Plasticized Blends

Roger P. Kambour, John M. Kelly and Barbara J. McKinley
Polymer Physics and Engineering
General Electric Corporate Research and Development Center
Schenectady, New York 12301

Bonnie J. Cauley, Paul T. Inglefield and Alan Anthony Jones
Jeppson Laboratory
Department of Chemistry
Clark University
worcester, Massachusetts 01610

i
s'

™



ABSTRACT

No sub-glass transition mechanical loss peaks are observed in
S0-50 biends of poly(2,6-dimethyi-1,4-phenylene oxide) and polystyrene.
However, if trioctyl phosphate is added to the biend the modulus lowers
and a broad low temperature loss peak appears. Non-spinning phosphorous
line shapes were observed to determine if the diluent itself were moving
in the glassy matrix which is clearly the case. At low temperatures a ty-
pical axially symmetric line shape is observed which evolves to a narrow
line just below the glass transition of the three component system. The
pattern of the collapse appears to take the form of a shift in population
from nearly immobile diluent to fairly mobile diluent. ThisApattern of
collapse can be associated with broad distribution of correlation times.
The geometric character of the motion of the mobile diluent is apparently

isotropic rotation.




The mechanical properties of bulk amorphous polymers depend on
the local chain motions present and in turn the local motions reflect the
chemical structure of the repeat unit of the poiymer chain. The motions
are also influenced strongly by intermolecular interactions between
chains so that in the glassy state the apparent activation energy of a given
motion may be much higher than that expected for the same motion in an
isolated polymer chain!. Two general strategies can be followed to
control properties of amorphous polymers without changing the
morphology. First, the ilocal motions present can be changed by
modifications of the chemical structure of the repeat unit, and second,
intermolecular interactions can be modified by the addition of a second
type of molecule to the bulk poiymer. in the latter case, the second
cornponent could either be a small molecule diluent or another polymer.
The addition of a second type of polymer not only modifies the
‘intermolecular interactions but also introduces a new repeat unit
structure which may have its own set of local motions distinct from the
host polymer.

A recent survey2 of the mechanical properties of a set of
plasticized blends has revealed a strong dependence of these properties

on the T, of the diluent, Independent of its effect on the polymer T . In

this communication we report the mechanical data for a particular diluent
and a nuclear magnetic resonance study of the microscopic mobility of the
diluent in the blend.

The general behavior of low molecular weight diluents in glassy
polymers is often categorized as either plasticization or
anticplasticization®®.  Plasticizers are diluents which lower the glass
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transition and lower the modulus. Antiplasticizers also lower the glass
transition but not necessarily the modulus. One mechanism for
antiplasticization is suppression of Jocal motions and by contrast a
mechanism for plasticization would be by increase in either the rate or
the amplitude of local chain motion. An increase in the rate or
amplitude of motion could be produced through a reduction in
intermolecular interactions. That is, the diluent molecule may act as a
lubricant, reducing interchain interactions and ailowing for more chain
motion’. The results presented below indicate that the behavior of
diluents is more complex and includes possibilities not contained in this
brief summary.

The polymer system reported here is a combination of polystyrene
(PS) and poly(2,6-dimethyl-1,4-phenylene ether) (PPE) where each com-
ponent is present in equal amounts by weight. These two polymers are
miscible over the whole composition range® though only the one
composition mentioned will be used as the basic polymeric component.
Moreover neither resin exhibits substantial secondary motions at low
temperatures®. The diluent blended with the two polymers is trioctyl
phosphate which {s particularly convenient for NMR studies since the
phosphorous chemical shift anisotropy line shape can be used to monitor
the motion of the diluent. No magic angle spinning or isotopic labeling is
required to follow the motion of the diluent since it is the only component
containing phosphorous. Furthermore phosphorous 31 is a 100% spin
one-half isotope which simpiifies data acquisition and interpretation. The
NMR data are used to supplement determinations of shear dynamic
mechanical response, compressive yield stress, Young's modulus and the
glass transition temperature. The combination of traditional materials
science technigues with NMR spectroscopy provides new insights into the




action of diluents in polymer blends.
The PPE used was General Electric PPOR resin powder with

intrinsic viscosity of 0.05d1/gm with M = 17000 and M = 34000. The

polystrene (PS) was Sheil Chemical Company general purpose polystyrene

203 with M" = 84000 and M, = 250000. The diluent is a

w

tri-2-ethyihexylphosphate (TOP). By differential scanning calorimetry its
T4 was found to be -1 34°C.

The PPO/PS/TOP blend was compounded on a twin screw extruder
under conditions that produced clear homogeneous extrudates.
Compression molded sheets approximately 2.3 mm thick were formed from
chopped extrudates under time-temperature conditions designed to
minimize molecular orientation. Cylinders about 1 cm in diameter and 2.5
cm in length were compression molded from these blends.

The elastic modulus of the blend was determined on specimens cut
from sheets compression molded one month before testing. Measurements
were made at 0.02 inches/min in an Instron servohydraulic tester using an
extensometer. Modulus was calculated from the slope of the force-strain
curve between 0.02% and 0.4% strain. Viscoelastic characterization of
selected blends from -150 to 25 ° C was effected at 1Hz in rectangular
torsion in a Rheometrics Dynamic Spectrometer. Yield stress was
determined under compressive loading at a crosshead rate of 0.002
inches/min on an Instron Universal tester. Glass transition temperatures,

Tg, of all blends were determined with a Perkin Elmer DSC (I differential
scanning calorimeter at a heating rate of 20°/min.

Mechanical and thermal data are summarized in Table | and dynamic
mechanical data are presented in Figure 1.




For observation of the 3'P line shape, pellets of the ternary system
were sealed ina 10 mm NMR tube under vacuum. The spectra were taken
on a Bruker WM-250 at a frequency of 101 MHz and a sweep width of 100
kHz. Temperature was maintained within two degrees and the probe
temperature was calibrated with the usual chemical standards. The
resulting spectra are shown in Figure 2.

Young's modulus and the glass transition temperature drop
continuously as the TOP concentration is raised indicative of
plasticization behaviour. More interestingly, a distinct though broad loss
peak appears in the shear dynamic mechanical response and is centered
near -60°C at a frequency of 1 Hz. There is no comparable sub-gliass
transition loss peak in the polymer biend without the ‘diluent present.

A well defined loss peak 15 usually associated with the presence of
a motion which can be characterized in terms of some aspect of the
chemical structure of the polymeric glass. Since the polymeric blend
without diluent shows no loss peak, it is particularly intriguing to
attempt to identify molecular motions present in this system. Some
earlier spectroscopy (mechanical, dielectric and NMR) studies have pointed
to motion of the diluent as a cause of relaxations below the polymer

Tg‘°"3. The possibility of rotational motion of the diluent can be explored

through the 3'P spectra as a function of temperature. The solid state 3'P
line shape of triocty! phosphate is dominated by chemical shift anisotropy
which arises from the magnetic shielding of the electronic environment
surrounding the phosphorous nucleus. The lowest temperature spectra
shown in Figure 2 are classic examples of the "polycrystalline” line shape
expected for an axially symmetric chemical shift anisotropy which 1s
consistent with the local electronic environment of a phosphorous nucleus




in a trialkyl phosphate. The term “polycrystalline” refers to the presence
of a sum over ail orientations in the sample and an absence of molecular
motion. Both of these characteristics are reasonable for a low
temperature spectrum of an amorphous giass.

As temperature is raised, the 3'P line shape narrrows which is
conclusive evidence for motion of the TOP. The nature of the line shape
collapse allows for the identification of several important features of the
motion. The geometry of the motion can be determined from the line
shape pattern which appears at the higher temperatures. All spectra
displayed in Figure 2 are below the glass transition but the 60°C spectrum
is largely composed of a single sharp line. This result indicates that the
TOP is rotating isotropically with a correlation time shorter than tenths
of milliseconds at the highest temperature observed.

A second feature of the motion of the TOP can be determined by a
consideration of the intermediate spectra which are only partially
collapsed. The line shape at -80°C is indicative of no motion on the NMR
time scale which is of the order of milliseconds for these phophorous line
shapes. The line shape at 60°C is indicative of nearly isotropic motion on
a time scale which is fast relative to the NMR time scale. The
intermediate spectra, especially those at O, 20 and 40°C can be
approximated as a superposition of the low temperature spectrum and the
high temperature spectrum with an increasing proportion of the high
temperature spectrum as temperature is raised.

This superficially bimodal character of the intermediate spectra is
evidence for heterogeneous motion which is a characteristic of local
motfon in glassy polymers demonstrated in earlier line shape studies!4'6
Previous line shape studies have focussed on the local motion of the
polymer chain and the resuit obtained here shows that heterogeneity of




motion is a2 general feature of glassy dynamics which is not a chain

property. Rather it is to be identified as aproperty of a giass which is
structurally heterogeneous on the size scale of chemical groups. Local
motions on this same size scale show the heterogeneity dynamically
because the local intermolecular environment differs at various spatfal
distributions in the glass. Intermolecular interactions are the major
source of the apparent activation energies so that it is easy to imagine a
distribution of intermolecular interactions leading to a distribution of
barrier heights and thus a distribution of rates of motion.

The superficially bimodal appearance of the line shapes can be
explained through examination of Figure 3. For numerical discussions of
NMR line shape collapse, the correlation time, 1, is used which s the
inverse of the rate constant for collapse. If the motion is heterogenous
there ts a broad distributton of rates and this situation is depicted in
Figure 3. As explained there are three general rates of motion which can
be classified relative to line shape collapse. Those labeled rigid in Figure
3 are too slow to produce collapse, those labeled intermediate produce
partial collapse and those labeled fast are so fast collapse has already
occurred and littie further iine shape narrowing ts produced by faster
rates. If the distribution of rates or times is broad, the rigid and fast
parts of the distribution account for the majority of rates and lead to the
superfictally bimodal spectra. The intermediate rates which yield
intermediate stages of collapse are a smaller fraction of the observed line
and therefore less obvious. Although the motion iIs identified as isotropic
and heterogeneous further details remain to be considered. The rotation
can occur by jump diffusion or Brownian diffusion and a distribution of
amplitudes may be present. The ability to distinguish these subtle




differences from the NMR data is uncertain.

NMR spectroscopy has clearly identified the diluent as a mobtle
species in the ternary system of interest. it is our proposal that the
mechanical 10ss peak arises from the liquid-1ike motion of the diluent, a
conclusion that reinforces the results of a survey of mechnical properties
of a large number of plasticized PPE/PS blends?. Further quantitative
work will be carried out to link the collapse of the NMR line shape to
the breadth and temperature of the mechanical loss peak as has been
done in an earlier study' of polymer motion in glasses.

With this proposal in mind, two distinct mechanisms of
plasticization can be imagined. First a diluent may expedite a local
motion of the polymer and thereby lower the modulus of the glass.
Secondly the diluent itself may undergo local motion changing the modulus
of the giass. Of course both or neither of these mechanisms may be
operative when a diluent is added to a glassy polymer. in addition we have
not yet introduced modes for antiplasticization behaviour. However a
focus on identifying local motions via solid state NMR and relating these
motions to bulk mechanical behaviour is a powerful approach for
understanding plasticization and antiplasticization.
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TABLE

MECHANICAL AND THERMAL PROPERTIES

TensileE Compressive Yield Stress Ig
WLZTOP (MIN/m2) (MN/m2) (deq.C)
0 3006 1075 150
5 2980 99.3 12
10 2888 92.4 104
15 2520 84.8 96
20 2580 64.8 72

25 2020 51.0 60




Legend to Legends

Figure 1:

Figure 2:

Figure 3:

Temperature dependence of storage and 1oss shear moduli
G' and G” for the neat blend (PPO and PS, 50:50)(squares) and

a blend containing 20% triocty! phosphate (circles).

31p 1ine shapes of the three component system: PPO/PS/TOP

as a function of temperature.

weighting factor for a given correlation time as a func-
tion of correlation time for a typical distribution of
correlation times. Rigid, intermediate and fast refer to

characteristics of the NMR line shape.

10.
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